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i.0 INTRODUCTION

i.I SCOPE

This document presents the preliminary reliability

analysis results for the 75K NERVA Full Flow Engine. Included in this

report are allocations and predictions, system failure modes and effects,

single failure points, models, and trend data. This document updates

and supersedes the initial draft of Data Item R-202 issued in September

1970.

The details of the reliability analyses for the non-nuclear

subsystem (NNSS) are described herein. The analysis described is based on

Flight Engine Flow Diagram 1137401, Revision F. The details of the

reliability analyses for the nuclear subsystem (NSS) are presented in the

NSS Reliability Allocations, Assessments and Analysis Report, WANL-TME-2770,

dated February 1971, a_d are based on Flight Engine Flow Diagram 1137401,

Revision D. Brief Suummries of the WAN_ results are included in appropriate

sections of this report.

This issue of Data Item R-202 is divided into three

volumes for ease of handling and to more easily accommodate future rev/slons.

Each volume is devoted to a particular phase of the system reliability

engineering activity.

Volume I - Reliability Model, Predictions and Allocations

Voluze II - System Failure-Mode Effects & Criticality Analysis

Volmme llI- Trend Data

Failure _>de analyses, math models, and reliability assessments for the

individual components of the NNSS are being prepared and will be issued

initially as a part cf the Co_ponent Design Reports which are used to support

Detail Design Review.

L This volume of Data Item R-202 contains an initial

reliability assessment of the NERVA Engine. Section 2 contains an

I-]
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overall summary of tha reliability status of the engirc system

including the reliability allocations for each major subsyst__m

or component of the engine and the current reliability predictions based

upon initial reliability estimates of the failure probabilities for

component failure modes. Section 3 describes the reliability model, the

assumptions used in allocating the reliability requirements to the

individual components of the h_SS, and the detailed allocation and

prediction results by component failure mo_e and criticality of failure.

Three appendices are provided which discuss the derivation of the component

failure rate estimates, e=,act versus approximate reliability models, and

reliability predictions for structures exposed to multiple cycles of

operation.
J

A detailed description of the ,VKRVA engine and the

operational phases that constitute an engine cycle are contained in

Volume II of this data item.

1.2 GENERAL APPROACH

The NEgJA reliability program as defined by the Reliability

Plan, Data Item R-101, establishes the design and analysis approach to be

followed in achieving the high reliability required for the NERVA engine.

The reliability methodology defined necessitates a probabilistic determination

of design success based on analysis of all recognized ways the design can

be an=icipated to fail.

Failure mode analysis is the principal analytical tool in the

probabilistlc dasign approach. The analysis process is lni_iated with the

system-level failure-mode effects and criticality analysis (FKECA) to

determine system effects and interactions and to provide a basis for

selecting component concepts 'hat preclude critical system failure modes.

The basic objectives of the system-level FMECA are (i) to assess the effects

of failure on operation of the system, (2) to assess methods of control or

isolation within subsystm_s, and (3) to provide the basis for subsequent

f

-i
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component FMA's. The analysis assures a systemati- and detailed review

oF all possible system effects that result from component failures.

Concurrent with, and on completion of, the system-level

analysis, the component-level failure-mode analyses (FMA's) are initiated

J by the designer to determine the causes of _ailure within components and

to determine the inherent design reliability estimates. At this level

the engineering disciplines, such as stress, materials, radiation, thermal,

instrumentation and controls, and quality assurance, are actively included

in the analysis process. Probabilistic analyses are conducted on selected

critical causes of failure identified in the component FMA.

Component failure-mode analysis (FMA) is 8 major portion

of the reliability program for the NERVA engine and is the primary tool

,_ whereby reliability can be a.-effective design parameter. A component
I FMA supplements the FMECA by identifying and assessing the probability of

: occurrence of possible means by which a component can fail from a physical

or structural standpoint. It is also a systematic procedure for identifying

the primary causes (mechanisms) of each mode o_ failure and eliminating from

further considezation those that have no adverse system effects as Judged

_ by the FMECA, or those that, in engineering Judgment, require no detailed

i . analysis because margins of safety of the mechanisms of failure are

inherently high. The likelihood of each selected critical mechanism of

failure is assessed by testing and/or is analyzed in terms of "failure-

causing stress" and "fail,_re-resistlng strength." The stress-strength

analyses Includ_ c_nsiderations of structural, electrical, performance,

dynamic, and environmental stresses and strengths as well as foreign

-- influences such as contamination. The nominal levels and expected variarlons

in these stress and strength values provide the means for assessing the

probability of the design concept performing without physical failure.

i

+
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I.3 RELIABILITY REQUIRF2_NTS

The NERVA reliability requirement contained in the

Engine Specification, CP-90290C, specifies:

t
9

- "The engine system shall be designed to satisfy all normal

: _e performance, endurance, and useful life requirements under the environ-

mental conditions set forth in this specification with a probability of

0.995 ...... In addition, the engine shall be designed such that the

probability of Category IV system failures occurring during any s_ngle

normal-mode operating cycle with ten (i0) minutes at steady state and con-

midering all engine operational phases including a lO0-_ay coast period

shall not exceed 1 x 10-8 . i

"The system reliability analysis for space application .--

shall be based on ten (i0) missions, each mission consisting of six (6)

engine cycles including all phases, and each cycle to include ten (I0)

minutes at the normal steady state phase. The time between missions and between

engine cycl_ shall be consistent with the space service life ...." of three

O) years.

".....The overall engine rellaLility assessnent may take

credit for repair or replacement of the I&C system computer between missions

(as _ef_ed above) provided the computer is located forward of the remote

interface plane (Engine Station 0.00)."

The =umerical reliability requirements stated in the first

paragraph above have been apportioned to the engine system as shown in

Figure i-I. This breakdown, though somewhat drbitr _r7 was made based on early

predictions of the relative failure likellho_s of [i,,_ uuc!ear and non-nuclear

subsystems and on the relative significance an_ J_elihood of single and

double Category IV failures in the non-nuclear subsystem.

WANL did not use the above requirement in performing the

rellaSility allocation to componemts of the nuclear subsystem since this i:

requirement was not established until after issuance of the NSS Reliability

Allocations, Assessments and Analysis Report, WANL-TME-277G. Rather, the

1-4
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following statement was us_ in preparing _h_ NSS cc_--_x_ent allc_at_.

'Redundancy apFIied to preclude directly the effect of

critical stngD failures shall not be credited to achievement of the

engine reliab_lity requirement. Raving precluded the departure from norr.al

i mode performance by use of redundancy to clrc_u_vent the effect of critlea!

!i single faiures, the use of additional redundan£y internal to _ents

and parts may be credited to the ,'_SS reliability r_quLre_nt of 0.997 _.

Since N usc_d the saz_ definition for an engine operating -

cycle as is used herein, the major differences between the two reliabillty %

statements pertain to the way in which component redun -dancy is treated and

th_ addition of a separate deslgnatlon for the Category IV failure probability.

A re-allocatlon to NSS cc_-.q_)neutsbased on the new reliability require=ent

_i11 be contained in a subsequent issue of this data item.

i.4 DEFINITIONS

Wbiie a complete glossary of terms is presented in EERVA

Reliability Procedure RI01-NRP-307, certain definitions are essential in

understanding subsequent sections of th/s report. A FAILURE is defined as the

inability of a material or part to perform a required function w/th/n

specified limits. A FAILURE EFFECT is a description of the expected change

in operation that can be attributed to a failure. A FAILURE MODE is the

description of the presumed _y in which a componemt or part ceases to perform

an intended function within design perfo_:mance limlts. A FAILURE MECHANISM

is a description of the physical process that results in a part or equipment _

failure mode. A component failure mode has so_e initial effect on a subsystem,

, This subsystem mode of failure may be isolated or compensated for to result !_

in a final subsystem effect, This subsystem failure results in some engine

effect that can be discussed as an engine mode of failure. A mochanls_ of :.

_; failure is usually reserved for detailed component failure-mode analysis

where specific causes of failure of _t parts are beln8 analyr_.d. _)

• 2"

• a

, i

I J"
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- - To provide a basis for co-_xaring the criticality of

cez_<nmnt failure =odes, FAILL_E EFFECT C_-EG_RLES have _ established.

Yhese categories are defined as follows:

CAYECORYI - Failures which produce no significant performance or safrty

degradation of the system, alloy continued operation in the norm_i =ode

throughout the rated engine l_fe, and do not resul_-t in the _Jx:ton of

S_le Failure Points to the system.

; CAYE_RY II - Failtrre_ frown vhich the engine can recover and still meet its

normal-x_de performance and service life requirements by switching to or

reverting to a recovery mode, but _ch do result in the addition of one or

more Sing!e Failure Points to the system. Failures in this category are

further subdivided as follo_:

: IIA- Failures which degrade the _fety of continued operations,

: but which do not produce transient eff_ts and, at the time of failure, do
I

not require automatic or manual action fo_," the recovery mode. Failures

of safety systems and stan_by-r_dun_t co_ents fall within this category.

IIB- Failures which are compensated for automatically by the normal

control mode or vhlch produce transl _nt effects which can be tolerated by the

system and which permit t_ne for human Judgen_mt to he exercised on the method

and desirability of the recovery mode. Fallures _llch require the functioning

of safety syste_ or redundant ccnnl>onentsto preclude Category IIIB effects

fall within this category.

II_CC- Failures which require immediate malfunction detection and sub-

sequent action to remove or lessen the transient effect and to preclude system

d_age. S_ritchlng to the recovery mode _s usually accomplished automatically

by the malfunction dctection system or by the engine control system. Failures

which require the automatic functioning of safety systems or redundant

co,_ponents to preclude Category IV effects fall within this category.

C

I-7
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i

CATEGORY Ill - Failure& which result in _nability of the engine to meet

its norma]-_ode performance or service-l_fe requirements but which allow

Emergency Hode Operation or Slngle Turbopump Operation. Wailures in this

category are further subdivided as follows:

IIIA- Failures which require Single Turbopump Operation.

IIIB - Failures wh:[ch require Emergency Mode Operation.

CATEGORY IV - Failures which result in direct injury to the crew, endanger

the e_rth's population, or ,l_age the spacecraft or other stage ,,',cx:lules upon :-

which crew survival depends, re;d/orwhich preclude Emergency Mode Operation.

J.
This category includes f._ilureswhich produce one or more of the following I

syst_ effects: :
2

(a) Uncorrectable thrus'_ vector misaltgnment.

_) Loss of thru_;t to less than that req, tred to effect Emergency Mode _.
: Operation. b

(c) Inability to reduce thrust or unsuccessful shutdown az_d/or cooldown _'-
which precludes engine restart.

(d) Unsuccessful startup to attain thrust equal to or greater than that :

t required for Emergency Mode Operation.
e

A SINGLE FAILU_ POINT is defined as any single mode of failure that can be _-

attributed to one or more specific _ch_LI_ at the part level tl_t r_ults _-

in the inability of the engine to meet its normal performance and service llfe ._

requirements. All such modes of failure are assigned either a Failure Effect

Category III or IV. _,

- _

• t '"_'_ b,"
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.1.5 APPLICABLE

The follo_ng documents were used as a source of require-

menus or information, or for guidance in the preparation of this data

item.

R-IOI, Reliability Plan

S-019, _/ERVA Safety PLan

S-i03, Flight Safety Contingency Analysis Re_e_rt i

S-O01, System Analysis Su==ary Report

CO02-£P090290C, NERVA EngineSpecification

ST-l, _A Engine Specification Tree, Revision II T

RI01-NRP-3OOB, System Fallure-Mode Effects and Crlticallt 7

Analysis for the NEEVA Engine

RI01-aRP-303A,ReliabilityApportlomnent

RI01-NRP-3OTA, Glossary of Rel'lab:Llity Texture

R101_-400, FaLlure Kate Derivation

R1.01_-506, Identiflcatlon and Om_tx'ol of Trend
(_baxacterte tics

Vwg. No. 1137400, Revts:b_ E, 7.._. _ERVA _t

Layout, Full

DuB. So. 1137401, itev_£oa F, 7_C _& iq.ill;ht
S.SXee no,,, In.aS,:aa

/
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2.0 SUMMARY

Thls section contains an overall summary of the reliability

predictions and allocations for the NERVA engine. Table 2-1 summarizes

the allocated and predicted values for the 60-cycle reliability and 1-cycle

Category IV failure probability for both the nuclear and non-nuclear sub-

systems. The number of Category III and IV single failure points are also

listed.

A comparison of the predicted an4 allocated rellabilitles for the

NRSS shows that the predicted failure probability for thls subsystem must

be reduced by a factor of approximately 335 in order for the NNSS to achieve

its reliability goal. A slmilal comparison for the NSS shows a reduction

factor of 27 is required. A comparison of the predicted and allocated

Category IV failure probabilities for the HNSS shows that a reduction factor i

of approximately 140,000 is needed.

I The major contributors to the very low reliability prediction for the

H_SS are The single Category IIIA failures associated with each propellant
?

feed system leg and the double failures in the I&C subsystem which lead to

Category XV system failure. The contributions made by these two subsystems

go the predicted unreliability of the RI_SS are approximately 42/ aed 33% +

_, re_ectively.

Table 2-2 summarizes for each major component in the non-_uclear sub-

system the allocated and predicted values for the 60-cycle reliability and the

l-cycle failure probabLlity based on consideration of all Category II, III and

IV failures. Table 2-3 mmmmrlzes the NNSS component allocations by failure
9

effect caCeEDry. Each of these tables list the components in ascending order

@f t@Zal a//ocated rellabtlity.
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TA_LF 2-1

NNSS NSS

RELIABILITY (60 CYCLE)
2'

AI//)C_TED .998 .997 ;

PREDICTED .33 .92 ;

CAT. IV. FAILURE PROB. (i CYCLE)

I AI/DCATED .087 .083

PREDICTED .021 (tM) i
!

_'I SINGLE FAII/JRE POINTSCATEGORY III 81 17
1

tnk
CATEGORY IV 47 15

* Subscript refers to uumber of zeros that Frecede the Dext 4iglt,

e.g., .031 -_.0001.

** The NSS slngle failure point count does not reflect the total
number of SFP's In like or redundant components. For example,

though there are 18 control drums, the failure mode "control
drum fails In place" Is counted as only one SFP.

i
1

2-2 :_r
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3.0 RELIABILITY ALLOCATION ANU PP_DICTION

This section describes the methodology used in the apportior_ent

of the NNSS reliability requirements to the component failure-mode

level and _Lmmarizes the _l_cated and predicted reliabilities that

. re._it from the _pp_-.rtiomr..._'_process,

Reliability apportionment is defined as the process of determining

the subsystem and component reliability allocations from the system

reliability allocation. The system reliability allocation has been

specified previously in Figure I-I,

The purpose of reliability apportionment is to establish numerical

reliability goals for each component design based on overall system reliability

requirements_ criticality of component _ailures and relative difficulty between

component designs. Apportioned reliability values are developed for each

subsystem and component listed in the h_RVA-engine specification tree,

Figure 3-1. These apportionments or allocations are made a part of the

requirements generated by systems-engineerlng personnel and eventually are

incorporated in each design specification. The initial allocations derived

in this report will be reviewed and revised, if required, to reflect unforeseen

problems with components. Components whose initial r_liability allocations

appear too high because of unexpected difficulties may be reallocated lower

values at the expense of components for which no uMue difficulties are

experienced.

_lisbillty predictions are the numerica/ evaluations (or estimates)

of the capaSillty of systems and cc_nents to perform their requ/red

functions without phTsLca/ fa/lure. They provide a basis for reli_bility

_:portion_ut and a me_ure of the cai_Sility of a duign to achieve its

objectives. Early predictLm_ are 8 consideration in desiSn 8election

with such other attributes as weiSht, cost, and perfor_nce.

blisbillty predictions also provide a e_ans of detezwtnin8 potential

_abillty problem areas and of _ desip tiff! ate.

3-1
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The reliability predictions are developed by using mathematical

models. Predicted component reliability values are provided as input

to the models, resulting in system or component network predictions.

The system or network predictions are then compared with reliability

requirements to determine the extent to which the requirements _have been

satisfied.

3.1 RELIABILITY MODEL

The purpose of the reliability _.odel is to provide a means

to integrate all identified failure modes with their probabilities of

occurrence and to develop their functional relationships to estimate the

prcbabi!ity of success for the engine system. The basis for t_e model is

the failure-modes and effects analysis contained in Volume II of this report.

This analysis assesses the effects of component failure modes on syste_

operations. Once developed, the engine mathematical model is used for

reliability prediction and apportionment during the design stage and for

reliability assessment during the development stage.

3.I. i Math Model Development •

3.1.1.1 Series and Pazallel Systems

• A series system is defined as one which
"i
I is comprised of a group of elements each of which is considered vital to

7

the successful operation of the system and each of which is assumed to fail :

i_ependently of the others. Mathema_ically the rellahiliLy of a series

system operated over N cycles is explessed as

_S n RIN- , [Z] ! i
i-I !

! i

[

3-3 ' <
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where:

R_S = series system reliability

i Ri - reliability of the ith element

I - total number of series elements in the system

N - number of system operating cycles.

Since the reliability of each element can also be expressed as (l-Pi)

where Pi is the element failure probability, Equation [i] may also be

written as

I

RSS = H (l-Pi)N.. [2]
i

The expansion of this expression results

in

I N(N-I) pi 2_
Rss-. i+ ...1, IS]

i 21

which, for values of RSS very close to 1 can be approximated by

I

RSS = I-N Z Pi' for (I-Rss) < .01, [4]
i-I

For example, if Pl " "062 ' N = I00 cycles and I = 500 series elements, the

series system reliability from Equation [2] equals .99005 and Yrom Equation [4]

equals .99000.

A parallel system is defined as one

wh/ch is comprised of a group of elements, each of which must fall in order

to fail the system. Mathemat.cally the reliability of a par,tllel 2-element

system operated over N cycles is expressed as

* .062 = .0000002

3-4
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N N
_PS= Rl+ _2 (RIR2)N {5]

= (I-PI)N + (l-P2)N - (l-Pl)N (l-P2)N. [6]

In this case, i _.,.:..;.. _reliabilities Ri, are very close to one sot

that the higher ord. "_,_ (third order and higher) in the expansion of [6]

can be neglected, thtm Equation [6] reduces to

l_N2plP2P_s= ,for_Pland_2 _ .01. f7]

For example, if Pl = P2 = "031 and N - I00, the parallel system reliability

from Equation [6] equals .9401 and from Eq,mtlon [7] equals .9400.

3.1.i.2 NERVA System Model

The reliability model for the NERVA

system has been formulated assuming that the system can be represented

by a series of both individual elements and parallel 2-element systems,

i i.e.,

-_ Ri_- 1 ?--- i
u._..] i r---n 1

_-_._s2)_--_

t

Thus, the sys,r.amx.ella.h__ll.ty,R, is ._

" _ ., Zss Jrr(_slj, [81 :
)

9 " -"_ -f

which by substitution of Equations [4] an4 [7] becomes _,

_ I_N2 %
: R = [I-N Z pl] n [ (plP2)j] [91 ! '

3-5 -,_
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: Since the approximations for RSS and _S are valid only when the reliability

values are very close to I, Equation [9] will be applied to allocated
l

reliabilities only, which for the NLRVA system, satisfy this criterion.

Thus, redefining Equation [9] in terms of -llocated component failure-mode

: probabilities;

Ra ] [lO]= [1-N X (qa)i] H [1-N2(qalqa2 )
i j j

where:

R - allocated system reliability for N cycles.a

J

(qa)i = allocated component failure mode probabilities

for failure modes which can individually fail

the system.

( (qalqa2)J = double failure probability for combinations of

allocated component failure modes which can fail

the system.

By expansion of Equation [i0] and neglecting all higher order terms, the

system reliability reduces to

I-N T(qa) i _ X (qalqa2) j ILl]Ra - .

Thus the system reliability can be interpreted as being approximately equal

to 1 minus the sum of the failure allocations associated wlth all single
J

and double component failures that cause system failure. Appendix B _hows

the validity of this approximation for a number of simple systems for
f

?. which exact reliability models have been derived. In every case, excellent
?

agreement is shown between the approximate model described by Equation [II]

_; and the exact system model contained in the appendix when the product of

the number of cycles, N, and tha failure probability, q, for each failure.G mode is less than .01.

; 2'
' 3-6
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3.1.1.3 Allocation Factor

The component allocation factor fs

defined as the ratio of the predicted one-cycle component failure mode

probability to the allocated one-cycle component failure mode probability,

i.e.,

qi
A .. , [12]

(qa)i

where:

A = component allocation factor which is constant for all i

qi= predicted one-cycle component "failure mode probability.

This quantity is a direct measure of the factor by which the predicted

failure probability of each component failure mode must be reduced to

satisfy the NERVA system reliability allocation.

Using the above definition, the NERVA

: system model can be expressed in terms of predicted failure probabilities :

" asd the allocation factor, i.e.,

Y

N Z qi _ Z (qlq2)j [13]-Ai ., j
2

Since the allocated system reliability (Ra), the number of cycles (N),

Jmd the predicted single and double failure probabilities [qi and (qlq2)j ]
are known or can be readily determined, Equation [13] can be solved for the

allocation factor A and then the allocated slngle-cycle component fallure-modu

probabilities can be determined from Equation [12]. These in turn are use_ to

calculate the N-cycle allocated relisbilities for each component failure mode.

When the system reliability is d_inated _.

by single failures, the double failure term of Equation [13] can be ne_.lected

• wlth the result that the allocation factor can be approximated by :_;

'" A = N Y.qi for single failures [J4j ;;_

I-Ra _._.

; 3-7 :-'_
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-i

S/_/larly, wh_.n_h_ _yat_ r_i,_bAXAty Is da_l_t_d by _Io fatluro_

1/2

•' RI_ (q,q_)j)
A _ _ , for double f_ll_rcm. I1$|

i ll-lt")ll2

Anothor useful expresoioe is tho

reL_ionship botwee_ chc prcd/cced s'y_rcn rc_/L_biltty, the oIlocalc_d

wTstm_ reliability, and the alloc_tion foetor _ only sins|© fatlures

are involved in th_ reliability calculotlon. This reLQticms_ip _lll

be used in _ubsequ_nt soction_ to calcuLmce tl_ prodlct_l rellQb/_|ty el

r_e sysr.o_ after the allocation facLor has b_n d_tcrn/_wd.

Since the relLabtlity f._r a sertcs

._ system is
:i

ita - n [l-(qn)/] I, If6}i

• then
e

: • i

ql t

)A _ 1 - q/,for ql < .01. +' (1 - i"" - [_] •

so that

i

The r_4_ht hand side of this eq_st_n Ls the _mpte_stoo for the predicted

system rel£ability, R . Conaequently,
P

r

(2
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I.

,!

an _e, ¢o_3144_r 4 _/_ccm t_hlch h-_ _ |OO-_yc1_ r_11_,billty

rc_ulrcmo_ of .998 ond uhlch co.Isis of I0 ,.._ts _ch of tahlch

ha_ 4 sil_Gla-cyc1@ t_ilur_ probability of ._JOl. From F.quatlcm [I:,|,

100 x 10 x .001

The,. trm r_t_ I-'Wl

_00
P

11m _ va]_ ;or _ha pradlcted m_ allocatc_1 systen rel/Ablltttc_

us/It8 an m|locacioa |_tot" of _0 trlc;h the sta_od _t taL|r.re

probabllItIcm aro: • "

(1_.001)10 "4 100 .;
Ip - - . :3677

10 z 100 ._

,,. .
Ybese v_u;u are in cmcollc_ _ wlth the _te v_hses SLven

abovu.

3.1.2 kmm_lcsm

The munmptioas used in perfoml_ the ru21abLLtt7 _

allocaULm co the ealJJNcmpomn_ fsl]m_ _ m Ltsted belw: ,

8, An en_L_ circle cot_st8 oJ_ 10 minutes at _ thtuat, 53 ho_r8 of

ILfo for the enSLN.

b. Zt /s sssuned t/_at f_ probabLLtties usocl_ed _Lth periods ms_s/_e

of the space service life of 3 ]rears are ne81LsLble /= cmparts_ to the

faLlnre probabLlLt:Le8dnr/_ the spare HrvLce ILfe; ccmmquentl]r the

h_Uuru prob_iLtt/_s dur/nS these perieds _ _¢ _ in the _.

"1_7',_C)7'"1,_7',_-C)_2



c. There is no allocation made dlrectly to performance parameters,

e.g., thrust, specific impulse, state points, etc. The specified

pcrforLance llm/ts provide estimates of the mean and standard deviation

of the performance attributes. These parameters are used in stress/

stre=Eth calculations and therefore have a direct effect upon

prohabilltles of occurrence of various failure modes. Consequently,

If a performance parameter lles outside of its specification limlts,

its effects upon reliability will be assassed. However, the "failure"

of a performance parameter to remain within specified limits does not

in itself constitute a rellabillty failure.

d. The followinE times are associated wlth the NNSS valve positions and

control modes:

TIME/EN.CI._E CYCLE _M_NUTES)

EI2.LX_0NICS

ACTUATOR CLOSF_) OPF2_ CONTROLLI _ ON-TIME

PSOV 26262 18 - 60

PDKVA 26262 18 - 60

PDBV 0 2628 0 - 7
]P_CV 0 26280 7 7
1L'3V 26262 18 - 60

1['DDV 26262 18 - 60
B&'V 0 26264 16 16

BBV O 26280 - 60

CSOV 23100 3180 - 3180

C$CV 26210 15 55 3180

SS_ 11 26269 - 33

e. Checkout of all engine valves except the PSOW's, PDKI/'s and CSOV's

is _ma_d to occur prior to the start of each engine cycle. The

effects of thio checkout are included in the predicted single-cycle

valve taJ.lure rate.

C

3-10
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f. The electronics associated with each valve/a :tuator are included in

the reliability allocation for the valve/actuator. The block diagram

and the predicted "on-time" failure rates for the actuator electronics

are :

With 2 Voters I Xducer
Connectors

l(hr-I) ffi.0783 = .068 = .04127 - .0526 :

Thus the total "on-tlr_" failure rate for actuator electronics is

16.2 x 10-6 hr -I.

g. The ratio of the on-time to off-time failure rates for all engine

electronlcs is assumed to be 10.

?

h. The total on-tlme failure rate for actuator electronics is apportioned

to the actuator failure modes as follows:

Fails to control or fails in place 70I

Inadvertent open 151 {

Inadvertent close 15: ,

i00: of the off-tlme failure rate is apportioned to the actuator

failure mode of "fails in place."

i. The drivers and A-MOD amplifiers for the control drums and SSCW are "_

a part of the WANL allocation.

7

J. Structural failures of lines, nozzle, thrust structure, glmbal,

pressure vessel and valves that cannot be attributed to low cycle

fatigue are given a single failure probability which is indap_ent

• /'_ of time or the number of engine cycles performed. The Justification
LJ

for this approach is given in Appendix C. '_
•

_{/ll'
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' 3.2 _ALYSIS

3.2.1 Failure Hode Probebilir_ Predictions

The _ :omponent failure =odes identified in

the System FHECA, Volume II, are listed _.u Tables 3-1 through 3-6 by nmx_

failure effect category. These tables also list the predicted and allocated

"_ failure probabilities, and the allocated reliability for each failure 'Aode.

The predicted failure probabilities vel-e obtained using the failure probability

estimates derived in Appemtir, A in conjunction uith the assu_ptions given in

the previous section. For example, Table 3-1 gives the total predict_., single-

cycle failure probability for failure of the H)KVA to move froa its full

open position as .043_1. Fro_ Table A-1 the non I_C valve/actuator failure
?

probability for this mode is 30 x lO-6/cycle. The l&C contribution is obtained

uslns assumptions d., f,, and b. of Section 3.1.2 as follows

. 18
qi(I&C) _ x (16.2 x 10-6 ) x (.70 + .15) - 4.13 x 10-6/cycle.

The sum of the non-I_C and I&C probabilities gives the to_al single-cycle prediction

listed in Column 5 of Table 3-1. This process was followed for each of the

failure modes listed. The quantity Niqi given in Column 6 was calculated using

Ni - 60 for all failures except structural failures for which Ni was assumed

equal to I in accordance with assumption J of Section 3.1.2.

3.2.2 Category Ill Single Failure A/Iocatlons

Figure I-I establishes the NNSS 60-cycle rella_illty

as .998. Thus the proba_illty o_ syste_ failure must not exceed .002. By

defln/tlon syste_ failure includes all Category IIl and IV failures; however,

since the required failure probability for Category IV failures is vet)" small

; (< .7 • 10-8 per engine cycle), the Category IV contribution to the system

unreliability can be neglected. In addition, as will be shown in Section 3.2.4,

: the probability of double failures which combine to give a Category IIl failure

effect can also be neglected. Therefore, the system unreliability of .002

' can be assumed to be the summation of all Category Ill single failure probabilities

the system, i._.,

3-12

J
%

1975071575-035



1975071575-036



_Z

i__I

• I

, I i I i

: I °

! ! !!! i! .

"

]97507]575-037



B

1975071575-038





S

3-17 ,,

1975071575-040



• ¢_ u") i'_ .. _

, 3-18 :

• , _,

• _ _

1975071575-041



_D

0 _ _I _'_ 0 _D

t) e_

_ K

8 o o o-_ S S

} _',:

97507 575-042



{, v v_0

l

3.-20 i-_:_

1975071575-043



U,_ II

"_ g N o o o o .-,
° ° . . . ° ° . • . • •

° o o o o o _ o o o o

i

- _ --- ,.-. ...

i

T

]97507]575-044



Frcaa Tables 3-4 and 3-5, the bracketed term in this expression is equal to

III

- . 620

Thus, the allocation factor for Category III failure modes is

.620
, A = - 310

1-.998

This factor was used to cocqmte all the C.ztegory III allocations presented in

Tables 3-4 and 3-5.

3.2.3 Category IV Single Failure Alloca:lons

The Category IV single failure allocations were

obtained in the sm_ manner as the Category III allocations. The Category IV

failure modes and their predicted probabli/ties of occurrence are listed in

Table 3-6. Using the total predicted singie-cycle faLlure probability of

902 x 10-6 fro_ this table and the NgSS Category IV slngle £allure a.Uocation

of .5 • 10-8 frma Figure l-l,the Category ZV single failure allocatlon factor

is
J '¥

902 x 10 -6
: A " = 180,000

.5 x I0-8 _.

This factor results In the Category IV single faLture allocat_ns given in

Table 3--6.

3.2.4 Double Failures

; As shoim in Figure 1-1, a significant portion of
the _ Category IV failure probability has been allocated to double failures. _.

J

2.

3-22 ,
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Since Category II and III single failures make up the double failure

c'ombi_attons which produce Category IV syste_ effects, the Category IV

double failure analysis provides the basis for the Category II single

failure allocations.

The doubl, failure matrices which define all

of the identified double failure combirmtious t_hat lead to Category IIIB

and 13/ system e[fects are presented in the Flight Safety Contingency

Analysis Report, Data Ite_ S-103, dated September 1971. By using the

i predicted failure mode probabilities in Tables 3-1 through 3-5 in con-t
Junction with the double failure ccaabtnattons identified by these matrices,

the predicted double failure probabilities for each smbsyste_ within the

were deter_ned. The results of this analysis are reported in

Table 3-7. The Category II single failure allocation factor was then

ccaaputed by determining the factor by _ch the Category II predicted failure

mode probabilities had to be reduced in order to satisfy the Category IV
i

allocation of .1 x 10 -8 for NNSS double failures not involving the computer

system. For Category III failures appearing in the double failure matrix

the failure allocations presented in Tables 3-4 and 3-5 were used. As a

result of this analysis an allocation factor of 135 was determined for

the Category II single failures. This factor produces the a/located double

failure probab_lltles suzmarlzed in Table 3-7 and the Category II single

failure allocatlons glven in Tables 3-1 through 3-3.

?

It should be noted that the predicted double-

failure probabLll_y of the computer system dominates the Category IV predictions

in Table 3-7. It is for this reason and the fact that the computer system /

concept is not _11 defined at the present time, that a separate double-

failure allocation for the computer system was established. _r, if it is

assumed that the redundant computer system, _ich £s a part of the reference

I&C concept described in Data Item S-103, is retained for the flight engine, ,_

then the predicted single-cycle failure probability for the counter vlli _

have to be reduced by a factor of 303 in order to satisfy the CatesorY IV _.

- 10-8
( , allocation of .I x for the computer system. ,_=

i' :7

3-23 ,._.
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3.2.5 Stnmnary of Results

3.2.5.1 Non-Nuclear Subsystem

The N_qSS predictions and alloca-

tions are summarized by failure effect category in Table 3-8. The

total predicted reliability of the NNSS for 60 cycles of engine operation

is .33 and the predicted 1-cycle Category IV failure probability is .001.

These results are based on an analysis of 214 s_ngle failure modes and

941 double failure combinations wlthin the ._LNSS. The allocated reliability

and failure probability of each component failure mode considered in the

analysis is listed in Table 3-9.

; 3.2.5.2 Nuclear Subsystem

i A reliability prediction based on

FMECA, FMA, probabilistlc design, and reliability modeling methodology

has been made for the NSS for the defined reliability mission. The predicted

value obtained is 0.921 compared to the allocated goal of 0.997. NSS

component values are derived in detail in WANL-TME-2770 and are summarized in

Table 3-10.

The reliability predictions listed

are based on "stress/strength" probabilistic estimates, wherever possible.

The analytical results are related to the most significant (highly stressed)

failure modes and their related mechanisms. In each NSS ECC a number of the

most significant modes, determined by the combined Judgment of personnel

from design, structural, thermal, and reliability disciplines, were analyzed

using the "stress/strength" method. The remaining modes were estimated using

a technique based upon Judgment of the level of antlclpated stress (percentage

' 1

._ of yield or ultimate) and a knowledge of the ranges of percent of variation

of load and strength for ductile and brittle materials being used in the NERVA

.: Program.

_l

Failure modes of a non-structural type

were estimated by eng_neerlng Judgment, historical results from previous

experimental reactor tests, or use of data from other sources such as FARADA. ! ;:

•' 3-25
v
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._ TABLE 3-9

_.G..,-_P_L!AB!LITY_._OCA_IC.,SEY col!_0.__'!?,-rFAILURE Y_DE

• MAXLYh_.
FAILL'P_ FAIIL_RE

CO_.','_.'T I EVFEC'T RELIABILITY PRO.=._ILITY

FAILVREv_-r CATEGORY* (60 CYCLES1 (I CYCLE)

: PSOV

(01) Fails to move fro- full open position IIIB .950 .062

(02) Fails to move from full closed position IliA •940 •052 :

(03) Inadvertentclosure- normal speed IliA .965 •088

(04) Inadvertentclosure- rupturespeed IV .9114 .0116

(05) Inadvertentopen IIIB .965 .088

(06) Fails at inter=edfateposition IIIB .958 .0_4

i - (08) la:ernalleakage IIIB .947 .065

:;{ (09) Externalleakage IIIB .978 .072

, (I0) Body rupture IV •9114 .0LI6

(II) Fails to ve=t IIB .958 .074

FDk'VA

(01) Fa.tlsto ,'_vefro_ full open position IIA .948 .063

(02) FaiLs to _e fr_ full dosed position IliA .940 •052

(03, Im_ver_ent closure IIiA .970 .082 ,
04) (Act--tor)

(05) In_verteut open (Aerator) IiA .960 .072 !

(O6) Fails at interr.edlatePosition Ilia .960 .072

(08) Iaternal leakage IlA .955 .078

: (09) KxtermLl leakage IliA ,978 .072

) (10) iody r_pt_re IV .9114 .0116

, (01) Fsils to :_ve fro_ full open posltlon IZA •948 .063

i (02) Fails to =ova fr_: full closed position IliA .966 .086(06) Fails at lnter::_iate position IIl£ .962 ,071

* _siluz_ e_fect category Justificatio_ is delin4ta_ed in Yolu_a lI. _L_

, 3-27 _ _._.-_
#
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TABLE 3--° (C_nti_,uad)

" FAILURE FAILURE
_)MPON"_CT/ EFFECT RELIABILITY PROBABILITY

FAILbRE _uDE CATEC,ORY (60 CYCLES) (I CYCLE_

(O8) Internal leakage IIA .961 .071 i

: (09) External leakage IIIB .978 .072 I

(10) Body rupture IV .9114 .0116

PDBY

(01) Fails to muve from full open position IIA .937 .056

(02) Fails to _>ve from full closed position lIB .948 .064

(03_ Inadvertent closure IIC .970 .08904)

(06) Fails at intermediate position liB , .956 .077 ;

(09) External leakage IIIB .978 .072

(I0) Body rupture IV .9114 .0116

lq)CV

(01) Fails co _ve fro_ full open posiLion IIC .937 .055

(03, Inadvertent closure IIC .970 .089
04)

(05) Inadvertent open llC .970 .082

i (07) Fails to control IIC .945 .068

(09) External leakage I113 .978 .072

(i0) Body rupcura IV .9114 .0116

DV

(01) FaLls to move fzum full open posltlou IIA .937 .056

(02) Fails to move fr_ full closed position IIB .948 .064 "

(03, h84veztent closure IIC .960 .073

(06) Fails It Later._diate 1_aLtt_n IIB .956 ._7 ?

(09) External leakage llZB .978 .077

(10) _ rupture IT .9114 .01/6 :

'C' _r

t

3-2s
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TABLE 3-9 (Continued)

MAXL_

• FAILURE FA ILLq_E
COMPOh_ENT/ =_FFECT vr_ T, T_'rV ......... _BI.... PROBA ....
FAILURE :,_O,_E CATEGO2Y (60 C;CLES_ (I ('7_'Tr%.... .,

BCV

(01) Fails to move from full open position lIB .937 .056

(03, Inadvertent closure IIC .967 .071 '04)

(05) Inadvertent open IIIB .970 .082 :-

(07) Fails to control IIC .942 .O51

(09) External leakage IIIB .978 .072

(i0) Body rupture IV .9114 .0116 :
J

TBV & TDBV

(01) Fails to move fro_ full open position IIA .948 .064

(02) Fails to move from full closed position IliA .940 .052

(03) Inadvertent closure - normal speed IlIA .9-0 .O.2
# O

(04) Inadvertent closure - rupture speed IV .9114 .0116

(05) Inadvertent open IIA .960 .072

(06) Fails at intermediate position IILJ. .958 .074

(08) Internal leakage IIA .957 .074 "

(09) External leakage IIIB .978 .072 "

(I0) Body rupture IV .9114 .0116

CSOV

: (01) Falis to move from full open position IILB .938 .052

(02) Fails to move from full closed position lib .937 .055

(03, Inadvertent closure IIC .944 .051 i
04) _ _'/

(04) Fails at Intermedlate position IIIB .958 .073 i

(08) Internal leakage IIIB .948 .063 _.

(09) External leakage Ill3 .978 .072

(10) _y _pture IV .9114 .0116 _

L J /J
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TABLE 3-9 (Continued)
2

_. MAXLM[_FAILURE. FAILURE
) CO_.._.,_, EFFZ,CT KELI/_ILI_; ?F,57_ iL1Iq" ;

: CSCV

(01) Fails to move from full open position IIB .950 .062

(02) Fails to move from full closed position IIC .934 .041 ,

i (03, Inadvertent closure IIC .960 .072
O4)

i

(05) Inadvertent open IIC ,944 .051

(07) Fails to control IIC .946 .067

(08) Internal leakage IIB .946 .067

(09) External leakage IIIB ' .978 .072 :

(i0) Body rupture IV .9114 .0116

(II) Fails to vent liB .958 .074

SSBV

-! [ (01) Fails to move from full open position IIB .937 .056

(02) Fails to move from full closed position IIB .947 .065
<

(03, I_advertent closure IIC .966 .087 }
04)

¢

(05) Inadvertent open lib •968 .083

,, (06) Fails at intermediate position lib .954 .061

(09) External leakage IIIB .978 .072 _,_"

"! (10) Body rupture IV .9114 .0116 :

TPA (l_UtJ_ MODE OPERATION)

(I) Fails to start IIIA .943 .051
¢

(2) 1_rematurastop Ilia .951 .061 i

(3) Low p4r for_am:a Ilia .940 .052
-i

(4) Total loss of contalnmen_ IV .9107 .0103 I ,

(5) Excesslva vibration IIZA .948 .063

(6) External leakage ZIIA .9 4 .0767

_-_Fo: single TPA operation increase failure probabilltles by 10_i

t

3-30
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TAJ_LE3-9 (Continued)

MAXL_UM
FAILURE FAILb_

COMI>O,N_-NT/ EFFECT RELIABILITY. PROBABILITY
; FAILL_R-EMODE CATEGORY (60 CYCLES) (I CYCLE)

:_ G_ ACTUATOR

(01) Fails in place IV .978 ,094

(02) Improper position or rate control IV ,974 .081

(03) Structural failure IV .9110 .0101

GIHBOL Plv__

(01) Structural failure IV ,9118 .0hl _ .

(02) Flexure blade failure IIB ,970 .061
i

(03) Pivot bearing failure IIA .976 .074 :

PROPELLA_ LL_S 7

(01) F_ternal leakage I_LB .974 .076

(0_) LoBs of containment IV .992 .098

NOZZLE

(01) External leakage fro_ coolant stream I71B .960 .051

(02) External leakage from exhaust stream IIIB .970 .061

(03) Loss of contalnment IV .9100 .091

(04) Failure _o support reactor assembly IV .9100 .091
?

$

NOZZLE _ION

(01) Kxtermal leakage IIIB .960 .051

(02) Loss of conta_mme_t IV .994 .096

PKKSSU_ VESSEL & CI_SURE

(Of) Eal:ernal leakage IIIB .987 .083

(02) Structural failure IV .9100 .091

TI;RI3TSTgUCTI;R£

_. (01) Fails to transm/t thrust along proper IT .998" .092uls

(02) F_J..s to supporC Interface componants IV ,9108 ,0102

3-31
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: TABLE 3-9 (Continued)

MAXIMZ._
FAI LL'RE FAILURE

_,'Y/ EFr-_ RELIABILITY PROBABILITY

FAILZ_Z ::ODE CAT_.GO_Y (60 CYCI._) .(1 _fC'__.._.

SHIELD

: (01) Structural failure IV .9114 .01165

I&C SI_SYSTEM

(01) Failure of lgC s_bsystea less IV .957 .097
cO_r_uter

(02) Failure of co_Futer subsyste_ IV .966_ .081

t Based o_ a reJun_nt coml_er syste_ with =_Llntenance between missions.

/

j .

sr
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The predicted reliability values

for each NSS ECC should not be taken as being justifiably accurate, but

rather as the best present indicator of the designed-ln reliability of the

NSS. The level of sophistication of predictlons is dependent upon assess-

menu data available for ma_ktng the prediction during a particular time
?

period. _" _ detailed design and analysis process being followed for all

NK'I1VA components will provide assessment data for future upgrading of

predlctlons. 4

¢

;

?

!J
-#,

Y

, • j p

:_- ._.
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1975071575-058





APPENDIX A

DERIVATION OF RELATIVE FAILL'PJ_P&TE ESTLMATES

i

A.1 INTRODUCTION

Initial reliability estimates for compoeent failure modes were

derived to provide a basis for determining potential design problem areas

and to provide input to the reliability math model to determine reliability

allocations. These estimates were derived from probabilistic design

analysis whenever possible, and secondarily, from generic failure rates of

similar components factored to the hYRVA engine. When neither of these

sources were available, an estimate was made using systematic engineering

evaluations. As a result, these estimates should be treated solely as

relative rankings. These ranklngs are required in order to achieve a

proper allocation to each component since future allocations are distributed

between components in the same ratio as the initial failure estimates.

Failure rates based on operational experience or component testing

can be grouped in four classes in order of desirability. Failure rates are based

on :

a. Contractor testing of components with current design concepts.
t

{ b. Contractor testing of components with similar design concepts.

1 c. Contractor testing of piece parts with similar designs.

I d. Aerospace industry collected data on generic piece parts.

The most readily accepted failure rates are tho_e based on testing by

the contractor of the current design concept. However, there are many

problems associated with estimating testing failure rates. Among these are:

limited numbers of tests, insufficient number of components, lack of any ?

definable failures, design changes during a test series, component repairs. /

during testing, inadequate measurement of variables, Imp'roper simulation of _._

design use environment, and lack of any tests on co_q>_ents even sizllar to _-_._-;_

N ,_,'

1
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the current design concept or use. In general, the ANSC test based failure

rates are based on Class b (Apo]lo and Titan) data a::dare derived bv a

growth curve technique. The advantages of this technique and details of the

process are presented in NRP 400, Failure Rate Derivation. The Apollo and

Titan data should produce conservative failure rate data since the NERVA

engine will have more inherent redundancy within components; will utilize

improved analysis techniques during the design process (e.g., probabilistic

analysis); will exhibit more oredictable energy conversion than chemical engines;I
and will utilize longer response time and closed loop controls. Counter-

balancing these factors, however, are orders of magnitude increases

in the operational and mission duration for NERVA; additional complexity
%

and number of components; and the smaller test programs (both Apollo and Titan _

experienced a rapid reliability growth rate based on an extensive test and
J

debugging program).

.. .

The use of historical data and personal experience with various

components in determining the relative probability of failures among various

l components included factors for such intangibles as fabrication difficulties, :

human error, and contamination. Other relative unknowns such as radiation,

cryogenic temperatures, and long time operation in either hydrogen atmosphere _,

or hard vacuum were not included. In past analyses environmental factors

have been used to adjust the failure rates to the current application. This

was not done for the current NERVA estimates since component material has been

selected so that it does not experience chemical change when exposed to expected

radiation levels. In these cases, the primary effect of radiation will be felt

in the induced heating. Assuming that the thermal conditions can be predicted

then the design analysis is no different than a non-nuclear design. The failure

rates based on non-cryogenlc test experience ware mot adjusted for the extreme

temperature range which will be experienced on the NERVA engine. In general,

metallic component strengths are improved with cryogenic temperatures. Hydrogen

embrlttlement has been recognized as a potential problem, however, preliminary

results have not been conclusive enough to warrant an adjustment of the current

failure rate estin_atea.

0 ,
i

A-2 _
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In conclusion it was felt that additional effort would be more

effectively utilized perfo_ __ actual reliability assessments, utilizing
#

probabilistic techniques, than in modifying historical rates. Simple

static primary stress/str_p _- rstimates have been completed as rapidly as

design maturity permi'_s.%':_,, ':_."_ifficult combined stresses in complex

structures often requlre_._ "_L,_entprogram solutions. Specific problems

are being analyzed in or(,C_-t_ devL_op probabilistic techniques. As soon as

enough mechanisms in a component mode have been analyzed and an acceptable

level of confidence in the more complex analyses exist, a reliability assess-

ment will be made.

The following sections present the source of each failure rate

utilized as well as a discussion of the method used to derate emisting data.

A
A.2 VALVES

Probabilistic analyses have been completed for only two failure

mechanisms within a valve and therefore cannot be extrapolated to a reliability }

estimate for all failure modes. A search for applicable cryogenic valve

failure rate data was fruitless (e.g., Saturn I used pneumatically actuated

valves, and the recorded failures were not identified as to whether they were

actuation system or va_'ve failures). A search of aircraft valve failure history

reveals four distinct distributions of failure rates, the means of which vary '_

from 7 to 1148 failures per million operating hours -- too large a spread to _

pick any single applicable rate. It was therefore decided to utilize the Apollo

SPS engine bipropellant valve failure history as typical of the NERVA CSOV

since this data was well documented and the CSOV was most similar to the Apollo

valve. A simulated block valve failure rate of 184 x I0"'6 failure per engine

operating cycle was thereby derived. This rate was modified upward to 191 x 10-6

failure per engine operating cycle p_us 7 x 10-6 failure per mission (operating

llfe) to account for failure modes unique to the NERVA CSOV. Table A-I &bows

the distribution of this total failure rate to the failure modes of the (;SOW.

This distribution was based on the Apollo history, but m_dlfled by the results _"

of a _aulltatlve ratiu 8 performed by the cosulzant Desiga a_d Systems personnel, ,#

Other NERVA valve failure rates were derive, _ _._.rough the us_ of

severity factors for valve size, relative number of cyc]es, ¢_t _cLf!e4 _!4_;

,-3 |!:%,
. [ ,;

1975071575-062





maximum allowable internal leakage. Severity factors used for valve size

were:

(a) For 3", 4", and 5" valves 1.0

(b) For 7-1/2" valves i.i

(c) For PSOV (12") 1.2 }

Severity factors used for valve cycles were:

(a) For CSCV and SSBV, 5000 cycles each, 1.25

operating at low stress level, and PDCV,
3000 cycles at medium stress level

(b) For BCV, i0,000 cycles at medium high 2,0
stress level

(c) For SSCV, 49,000 cycles at low stress 2.5
level

Leakage failure rates for the PSOV and CSCV were determined by

engineering Judgment, and rates for all other valves were established in

inverse proportion of their allowable leakage to that of the CSOV. The i

failure rate for the PSOV was set at twice that for the CSOV because of

much larger seat size (PSOV - 12" dla., and CSOV - 3" dia.) while the i

allowable leakage for the PSOV is only three times that of the'CSOV (PSOV -

150 sclm vs. CSOV - 50 scim).

A. 3 TURBOPUMP ASSEMBLY

Probabilistlc analyses have been completed for only three failure

mechanisms within the TPA (bearing cooling, thrust balancer rub, and |

labyrinth seal leakage) and cannot be extrapolated to a r_liability estimate

for the entire TPA. A survey of state-of-the-art TPA failure rates shows

a wide range, from 16f/106 hours for aircraft turbines to over 1700 f/106

engine thrusting cycles for the Titan first stage turboptm_. The Titan

failure rate was selected as a basis for the estimate of the _MF.RVATPA

since the data was well documented and the design and operational differences

could be evaluated. The demonstrated failure rate of 1700 was determined

, to be excessively high due to:

Y._9

A-5 L_.',,_
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(a) A maJo=ity of failures were the direct or indirect result

_ of the high temperature environment on the Titan turbine

which is not true of h'ERVA.

(b) A limited amount of Titan history is available with no

failures in some modes.

(c) Shutdowns on the Titan system that were caused by low

; performance could, in some cases, be compensated for byi

_ the N_ERVAcontrol system.

J I

As a result, the NERVA estimate was reduced to 975 f/106 operating cycles t
and 25 f/106 m_ssions by derating the two modes in the Titan hiatory that

i
experienced no failures and by rating the design complexity of the TPA and

CSOV to derive a relative failure rate that was compatible to that used for

the valves. Table A-2 sh_s the distribution of this total failure rate to

the failures modes of the TPA. This distribution was based on engineering

1 Judgement and past history.
! :

Malfunction mode rates were derived by applying a relative severity

factor of i.i to the normal mode rates_ This factor was derived by a qualita-

tive rating of each mechanism of failure considering the operational severity.

i A.4 NOZZLE

Table A-3 shows the distribution of the total nozzle failure rate

to nozzle failure modes. The failure rate of 470 failures per 10-6 missions

for the NERVA nozzle was derived using the Titan family first stage combustion

chamber test history since it repz_sents the most complete and available data

of a similar component with respect _o size, shape, regeneratlvely-cooled, etc.

The method used for prediction was the Reliability Growth Curve, with nine

failures in 2347 tests. The Titan engine history was screened and combustion

chamber failures were excluded that had negligible performance loss or were

shut down prematurely due to external tube leakage. It is assumed that

external tube leaks cannot occur in the NERVA nozzle due to the solid Jacket

C- The rates "corrected" for the effect of cryogenic thermaldesign. were hog

cycling, radiatlon effects or tho considerably longer NERVA duration. Although :

A-6
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TABLE A-2

TPA I-IlSTORICAL FAILURE RATE ASSESSMEN'TS i

: 1

FATL_]i@E RATE ]_STIMATES (Per Milllon Tlnrustln_ Cycles}

FAILURE MODE NORMAL MODE MALFUNCTION MODE I

Fails to start 340 374 i

, Premature stop 45 49 i

: Low performance 500 550 I

Total loss of 5A 6A !
containment

• Excessive vibration 90 • 99 !

External leakage 20 A 22A !

• i
i.

TOTAL (Per Cycle) 975 i072

TOTAL (Per Mission) 25 28

(A) Failure rate applies to total flight usage.

TABLE A-3

" NOZZLE HISTORICAL FAILURE RATE ASSESSMENTS

Y

, FAILURE RATE ESTIMATE

FAILURE MODE (Per Million Missions) 4

External leakage from

coolant s_ream 39Z $

_. External leakage from

Exhaust 8as stream 39
I

.: Total loss of containmant 20 •

: Failure to support ="?

nuclear reactor assembly 19 -:,..?

'_ TOTAL 470

A-7
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r

J

some mechanisms of failure in the nozzle are affected by pressure and

thermal cycling, the assessments are based on khe material capability

after all required operational cycles. Probabilistic analyses have been

completed for 13 of 17 mechanisms related to structural failure resulting

in coolant leakage. ,VIImechanisms substantiate the relative failure rate

._ assessment vith the exception of the coolant tube thermal fatigue cracking.

Re-evaluation of this me¢.hanlsm is dependent upon the conclusion of tests

:_ being performed to define _ctual allowable strains.
J_

A.5 NOZZLE KXT_NSION

Table A-4 shows the distribution of the total nozzle extensio,,

• failure rate to the nozzle extension failure modes.

|

I TABLE A-g
NOZZLE EXTENSION HISTORICAL F_ILURE RATE ASSESSMENTS

FAILURE RATE ESTI}[ATE

_. FAILURE MODE (P,_rMillion Missions)

External leakage 303

Loss of containment I00

TOTAL 403

The failure rate of 403 failures per 106 missions was derived from

various programs which were awarded to evaluate Fibrous Graphite. [he

AG-Carb testing is based on a relatively small diameter nozzle, but pressures

range from 100 to 550 psia. There were 2479 tests with one failure. Using

the success ratio method, 2478 :. 2479 results In .936 reliability.

A success ratio generally results in a more conservative reliability

estimate than the growth curve technique; however, the failure rate has been

set relatively high due to the uncertainty In fabrication variability in thls

C large structure.

A-8
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The Apollo engine used a radiation-cooled metalic cxtension.

Once flange separation occurred on the extension during 1104 tests provld-

ing a success ratio of .93. No probabilistic analyses have been completed.

f

A.6 _UST STRUCTURE

A failure rate of 35 failures per mil!ion 60-cycle missions was

derived for the thrust mount based on the qualitative failure mode analysis

shown in Table A-5. This approach utilfzes a method of establishing the

' relative reliability of each proposed design concept of a mechanical component

during the conceptual design phase. It qualifies and combines the Judgements

of design and reliability engineers into a single value _o as to provide a

reliability criterion for design selection. The method requires that a failure

mode analysis be conducted on each candidate design by a qualified design
I

engineer. In performing the analysis, the engineer takes into consideration

all environments and operating conditions encountered during the life cycle
:t

of the component, and rates each failure mode on its failure potential in
" I

accordance with the Table A-6. In this table, the alpha character designates

the success potential of the design in decreasing magnitude from A through

D, and the numerical designation indicates the degree of discovery and control

through inspectlen or test methods. The degree of controlla_ility is indicated

by the numeric designator which decreases in magnitude from 1 through 4.

The individual potentials for failure are then combined into a single numerical

I rating by Table A-£.

If a failure _de can be caused by more than one mechanism, the

various mechanisms are then weighted by engineering Judgment as to their

relative probability of occurrence. The sum of the f_ilure mechanism weights

for each failure mode must total 1.0. The fa lure rate for each mechanism

then becomes the product of the mechanism ratin- and the weighting factor.

Subsequent to the completion of the qualitative failure mode analysis f

documented in Table A-5, the failure mechanisms were re-combined under the

two failure modes shown in Table A-7. These modes were used in the current

.} reliability allocation process.

A-9 1 ".]
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TABLE A-6

"FAILURE PATE POTENTIAL" VALLeyS
q

i CONTROL RATING

, I 2 3 4

A i i0 i("0 i000DESIGN

RATING B i0 i00 I000 I0_000 :

C i00 i000 i0_000 I00,000
i

D I000 i0_000 100_090. I._000,000.

TABLE A-7
l

THRUST STRUCTURE HISTORICAL FAILURE RATE ASSESSMENTS

FAII/TRE RATE ESTIMATE

" FAILURE MODE (Per Million Missions)

Fails to transmit thrust 32

i along proper axis
; j

Fails to support 3

interface components

TOTAL 35

i

¢

..a "
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As a comparison, the Apollo thrust structure had one failure in
-6

177,800 sec. A growth curve analysis provided 3.33 x I0 failure/sec

or 1998/10 mln. single burn. This value was not used because it is

limited by the operating time accrued on the thrust structure and is not

compatible with other NEKVA failure rate estimates ot more _ompl_-,.parts

(e.g., 200 failures/thrusting cycles for most valves).

A preliminary probabilistic reliability analysis was performed on

the UTS. Three mechani_ms were _nfluential in giving a predicted reliability

of 0.920. The mechanism of failure responsible for the low reliability was

_ tensile failure in the upper beam cap during flight. The cap is being re-

designed to correct this condition. Only primary stresses were considered.

No analyses has been made for residual stresses, stress interactions,

: vibration, fatigue, radiation effects, size effects, corrosion, erosion, or

space aging.

A.7 EXTERNAL SHIELD

A failure rate e_timate of i per million 60 cycle missions was ¢

derived for the structural failure mode of the external shield on the basis

of a preliminary probabillstic analysis. Each failure mechanism was analyzed

utilizing an approximation technique which equates reliability to margin of

safety. This method produces a lower hound reliability value for structural

• failure modes based on conservative estimates of variances and margin of

safety calculations. All 31 mechanisms analyzed had a lower hound reliability

greater than .98, When combined in series, the lower hound reliability .

is .967. No consideration was given to residual stresses, stress interactions, ;

vibrations, fatigue, radiation effects, size effects, corrosion, erosion

or aging in space. Improper radiation attenuation or leakage (streaming)

was not amalyzed due to lack of analytical methods. As a result, the derivedr

: value of 0.3 x 10-6 was arbitrarily increased to 1 x 10-6. No historical i'_

4ata on similar structures could be found.
< :,

l

°
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A.8 GIMBAL ASSY_.Z_LY

Table A-8 shows the dlstrlbu,ion of the glmSal assembly failure

• rat_. to its fallure modes. An Apollo electro-mechanlcal glnlull actuator ',

:allure rate of 26.2 failures/106 gimbal cycles was ,,tilized as the _

b_3es for determining the NERVA prediction, based on a growth curve of

133 failures in 5,086,110 actuator cycles during development and qualifica-

tion testing. Estimating I0 gimSal cycles per engine thrusting cycle results

in an estimate of 262 failures per 106 thrusting cycles for NERVA. The total

of 262 failures was divided among the three failure modes in the same

proportion _s the causes of the Apollo failures. The historical rates are

considered to be conservative since the magnetic clutches which were the

primary source of failures on Apollo will not be used in the kT_RVA design.

i TABLE A-8 •i GLMBAL ASSL_{BLY HISTORICAL FAILI_.E RATE ASSESSMENTS

FAILURE RATE ESTLVu%TE

FAILURE MODE (Per M/llion Engine Thrusting Cycle_s)

GLM_ ACTUATOR i

Fails in place 68

Improper position or !92

rate control

' Structural failure 2

SIIBTOTAL 262

GIMBAL PIVOT & STKUCTURE

Structural failure 0.3

)'lecture blade failure 13

,i Failure of pivot bea_in 8 5

- f.
- _
• SUBTOTAL 18.3

'm

- _

_

_ "2;'+_',
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Fara_la statistically grouped data, which includes aircraft

electrical actuators, provides a range of 157 to 309 and a mean of

208 failures per million operating hours _nich is compatible with the

Apollo failure rate of 262.

The estimated failure rate for the flexure blade and pivot bearing

of the g/tubal structure are ba_ed on Apollo test history. During Apollo

testing, no failure of the gimbal bearing orcurred and only one failure of

a glmbal strut was recorded. Since t_lesuccess data was not fully documented,

an estimate was made, and a growth curve generated resulting in a failure

rate of 13 failures/106 thrusting cycles for the flexure blade and 5 failures/

106 thrusting cycles for the pivot bearing.

A probabilistic analysis was completed to estimate the probability

of structural failure of the gimbal pivot. Nine location-mechanlsm combinations

were calculated to be greater than .98 reliability for each mechanism. This

provides a lowe7 lound esti_ate of .9668 for the failure mode. This includes

the gimbal pivot and arms attaching to the trunnions. One location for

bending, three locations for shear, four locations for normal and one Ioca-

tion for torsional stresses were analyzed. Not included in this analysis were

the trunnion blades or bolts attaching the glmbal assembly to the thrust

structures, No analysis was made for rigidity reliability since no deflection

limits are available. However, standard deviations were derived for future

use in establishing overall expected engine flexibility on a probabilistlc

basis.

A.9 PRESSb_E VESSEL AND CLOSURE ASSE_KLy

A failure mode estimate of 24 failures per m/Ilion 60-cycle missions

was 'erlved based on qualitative failure mode analysis, as shown in Table A-9.

The_e mechanlsms were then re-combined under the two failure modes shown in

Table A-IO.

?

; i
I.
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TABLE A- I0

PVCA HISTORICAL FAILURE RATE. ASSES_S

FAILURE RATE ESTLMATE

FAI" E MODE (Per Million Missions)

External leakage i

Structural failure 23

TOTAL 24

J

I Preliminary probabilistic analyses were completed for the structural
failure mechanisms associated with the bolts, inserts, and wall rupture

failure modes; and for the external leakage due to stresses exceeding bol',:

pre-load and bolt elongation. The predicted reliability from these analyse_

were ,9435 and .9788 respectively. These results will be substituted for the

current estimates in any future reliability analyses.

A. i0 LINES

Generic failure data on propellant lines are incomplete. Failures

have been documented, but successes have mot. The best estimate of Apollo

llne reliability must be made from one failure in 83,600 total seconds of

operation which results in a failure rate c f 7150 per 106 ten-minute cycles.

Such failure rates would be out of line with the other NERVA assessments.

The lines are assumed inherently more reliable than valves. Therefore the

predicted reliability of the best Apollo valve (.9475 was arbitrarily selected as

lowest line reliability) Schematic layouts of each llne section were prepared
£ • 'i"

'_" and sorted by line complexity considering numbers of bellows, flanges, elbows,
i

"y's", "T's", and fittings andline lengths. The full thrust pressure a_d

temperature was noted on each schematic and the complexity ranking was

: adjusted according to severity of operating enviror_ent. The most complex ._y

line with the severest environment was assigned a failure rate of 25 (i - •9475). i" ,-_
: 6, _ :k

- }" i"
i •

A-I7 _-_"_
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The simplest llne was assigned a failure rate of 1 (.96). These

comple_/ty rankingP are presented in Table A-II. The resultant failure

- rate estimates ate shown in Table A-12. Preliminary probabilistic analyses

_ have been completed for the line/flange rupture and bellows failure modes.

In each case, the failure rate calculated was less than the rates shown in

•: Table A-12. As these analyses are refined, the probabillstic results will

._ be substituted for the existing data.
<

A. II CONTROLS AND INSTRUMENTATION

The Controls & Instrumentation system was divided into subsystems

reduced in detail sufficient to obtain a failure probability. Circuit

detail, "ere available, was utilized and circuit failure probabilities

have been calculated by the parts count method, assigning failure
probabilities to each part from references such as MIL-HDBK-217A.

i

A. ii.I C&I System Components
}

; Table A-13 lists the major subsystems of the C&I system,

the failure rate estimate utilized,sad the source data.

A. II.2 Valve Actuator Components

Table A-14 lists the failure rate estimates for the

| electronics _asociated with each valve/actuator.

A-18
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A. 12 NUCLEAR SUBSYSTEM

4

Failure probabilities for NSS failure modes have been derived

for each NSS Critical Component. A summary of the failure probabilities

of those tmodes identified as being of Failure Effect Category Ill and IV

is presented in Table A-15. The failure governing part, failur6 mechanism,

and failure rate within a given Critical Com_cnent leading to the NSS

failure modes are included in the table with a reference made as to the

WANL data source. Further background for these failure rates are presented

in the WA_J. R-202 dated September 1970, "Reliability Allocations, Asscssments,

and Analysis Report".

i Failure Effect Categories summarized are those leading to mission

loss. l'al,ure rates of failure governing parts are presented to provide a

relative value of the reliability of those parts critical to the successf,_
?

perfo'.mance of :he NSS during an assigned mission.

v

i
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A_ PEh_)IX B

CO_IPARISON OF EXACT /£'D APPROXIMATE

RELIABILITY MODELS

. This appendix compares the exact reliability of three simple

systems with the reliability determined by the approximate model derived

;_ in Section 3.1 for the NERVA engine.

i The three systems for which the comparison is made consist of simple
valve networks for which the reliability is defined as the probability

that the system will allow for the initiation and termination of flow

through N cycles of operation. All valves are assumed identical with only

two failure modes, failure to open and failure to close. The lines are

assumed to have a failure probability of zero.

SYSTEM I

_} System 1 consists of a two-valve network as depicted below.

V 1 •

At least one valve must open to initiate flow and both valves must close to

_erm_te flow. The exact rellabflity mm>d_, for this system is
t

_I-Ro)(1-Ro_cb_R2,I_R2)(l-R2_ _);=1- ' I-R; ] o c o c
oc l-]l 2m 2

o c

N) (1-R _'i'IR I_-1)
2Ro(1-Xo) (1-Rc) (1-RoNRe o c , [B.I]

2 _
(1-Ro',c)(1-Ro ,," )

where:

R _ systmn success probab111ty, i.e., systu will allow for the

:Lutt::f.at:ion and ce_c4,on of flow chroush II cycles.

.: N = m_r of cycles
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/ R = probability of a valve opening as required during 1 cycleo

•R = probability of a valve closing as required during 1 cycle

The system fails if both of the valves fatl In the closed position or "

if et_her valve fails in the open position. Consequently, using

Equation [II] of Section 3.1, the approximate system reliability is

R _" l-2Nqo N2 2 "- qc ' lB.2] _,

i
: where : ! '

qo = probability of a valve failing in the open position during 1 cycle I '

-1-R ,
z

; qc = probability of a valve failing in the closed position ,luring i cycle
a

-I-_ _-"
• 0

This expression can be obtained from Equation [B.I] by using the approximation

RN - (l-q) _ ; l-N, for N<<I. [B.31 .

m_STI_ 2

, System 2 consists of four valves in u quad-pack arrangement as follows:

2 i ' :[

The totact reliability modal for thls e_ste_ is

• l - 1 - --- %2(1.R2)(1.RoWels)
:.eoZc " 1__o_c2 ' i

- 2 [{

N)(l_%m-lR_l ) [_{
_o (l-e o) (1-ec) :l-eo_ c , [a. 4]

+ J :.b
i- I _-2
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System 2 contains no single failures, but 6 double failures that fail

the system, i.e.,

• V1 and V2 fail closed

V3 and V4 fatl closed

• V1 and V3 fail open

:' VI and V4 fail open

i

-_ V2 and V3 fall open

2

: V2 and V4 fail open
/

f

?
Consequently, the approximate reliability for Systom 2 is

R _ l-2N2qc 2 - 4N2qo2

l-Z_(q¢ 2 + 2qo2). lB.5]

SYSTEM3

System 3 contains 3 valves in parallel and requires two valves

open for adequate flow. The system is depicted as follows:

• ]",_ 1 '_ _Two valves open required
• _ for adequateflow)

The exact reliability model for tl system is

N) ,.G x- x 3%3s+ 3x2sx2N <l-Ro>(_-Ro'_c [_.61 .
o c o c l-k g

c
.z

" s-3 I _.":
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Since there are three single failures which fail the system open and

3 double failures which preclude adequat_ flow, the approximate reliability

! model for System 3 is

- 2

R = l-3Nqo- 3N2qc
"i

I-3N (qo-Nqc2) • [B. 7]

: COMPARISON OF SYSTLM MODELS
]

A comparison of system failure probabilities using the exact and

approximate models is shown in Table B-I for each of the systems discussed

abov r. For each case, 60 operating cycles were assumed and the one-cycle

• component failure mode probabilities were varied'between 10-3 and 10-5.

Based on the results of this study, the following conclusions are

drawn:

i. Exact success modeling is too complex for real system application.

2. It is extremely difficult to interpret the significance of terms in$

the exact-model equations Verification of the validity of thes_

equations is also a problem.

3. Failure modeling is simple to develop amd easy to interpret, and for

values of Nq < .01, provides a closo approximation to the exact _olution.

It should be noted that for 60-cycle operation and the high reliability

required for NERVA, Nq will always be considerably less than .01. I

4. The use of failure modelin8 is readily adaptable to the prediction of

_. re/Labillty associated with each of the failure effect c_te_orles. ,

Thus, system reliability can be correlated with criticality.

B-4 ,_
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APPENDIX C

RELIABILITY PREDICTIONS FOR STRUCTJRES F_XPOSED TO N CYCLES

The reliab,lity analysis of structural type components generally

consists of a stress/strength type analysis. Under this analysis the
7

distribution of stresses is compared with the distribution of strength to

determine the probability of the strength exceeding the applied stress and •

hence result in component success.

Stress Dist_ Strength Dist _
g(s) f(S)

For a single cy_le the reliabil_ty can be -xpressed as

oo S
f ,-

_ zm // g(s)f(S)dsdS

If the strength of the structure did not degrade as a function of cycles,

and on each successive cycle assum:d some r_ndom strength (independent of

the strengths assumed on previous cycles), and on eac7 successive cycle the

structure were exposed to some random stress, the reliability for N cycles

would be given by RN. It should be noted that under this case, it would be

implied that the strucLure could be e_-posed to some extremely high stress

on some cycle and not fall _nd then he exposed ro some significantly lower

stress on a subsequent cycle and fail (because o_' the earlier cycle the

i structure assumed an extremely high strcngLb and on the subsequent cycle an

ex£remely Io_ strength).

The above molel, RN, does n, appear to _eal_stlcally depict the true

situation of a structure exposed to repeated s_r,_ses. The fo_!c_ing

discussions of this problem arm presence: :o pro_'ide a realistic analysis.
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i

CASE I - FIEFD STRENGTH

Assum_ that the strength of the structure, although uT,Known,

: remains constant and does not degrade will, cycles, however, on each

successive cycle the structure is exposed to a random str_.

x

g(s) f(s)

s2 sI s3

Suppose that a relfability analysis of the structure is performed

; prior to test and a single cycJe reliability of .98 is determined. Assume

that the actual stress to which the structure was exposed o_ Cycle #i is

sI. If t_le structure does not fail during Cycle #l, it is concluded that

the strength of the structure exceeds sI. As a result the a priori zeliability f
£

of the structure for Cycle #2 is higher than it was foc Cycle #i, e.g., .98? ,

because any stress less than s I cannot fail the _ructure. Assume that on "

"_ Cycle #2, the actual stress _ncurred is s2 (s2<sl_ Then the a priori

reliability of the structure for Cycle #3 remains at .982. If on Cycle #3 :

a stress of s 3 is incurred and the Etructure does not fail, the a prier!

reliability of the structure for Cycle #4 would be higher, e.g., .986, etc.

: If the actual stress observed on each cycle is known, then the reliability

:. model is _ function of the observed stresses. Rarely are the actual stresses

kno_, however.

In the more usual case the actual stresses to which the structure

is expcsed is not known. The reliability model in this case can be expressed _

as: i _c N

Ral=f g(s)ds i f(S)as

t

_,,.ch is the probability that non _f N random stress values exceeds one I "

randomly _lacted s_rength value. I 2:

i I i"

c-2 i 4
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• Proof testing of the structure prior to flight is analogous

to trancating a tail of the strength distribution. As a result of the

successful completion of the proof test, it can be concluded that the

actual strength exceeds the proof test point (assuming the proof test

did not degrade the stren_,th). If the proof test point is sufficiently

high, a "rough" conservative cstlmate of the reliability for N cycles

could be given by the followlng expression:

; $

! t P _ N

j _ = f(6)ds 'LL J

.1
where: s = the proof test point and it is conservatively assumed that

1 P "

failure occurs if the structure is exposed to a stress higher than s .
' p

CASE If - DEGRADING _--f_

If the strengt:_ _f the structure degrad__s as a function of cycles,

the problem beco,zes complex. Assume the stresses vary randomly and

independently from cycle-to-cycle and the mean stress and variation in

stress remain fixed. Also assume that the strength degrades as a function

of cycles; however, the strength on cycle i is uniquely determinable

from the random strength on Cycle i. Also assume that the rate of strength

degradation _s i_dependent of the magnitude of the initial strength on

Cycle i.

Strength

<

Cycle,

C-3 ,_ " :.
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_ SIQ(i)
L

}'(:]= _ g(s) ds f(S1)dS 1
i_l

where: Ql(i) is a decreasing function representing the rate of

degradation of material strength, and Q(1) = I, and
i

S1 represents the strength of the structure on Cycle I.
\

Proof testing under the case of degrading strength would be of lesser

value since the structure would be proof tested when its strength was

maximum (prior to cycling). The results of the proof test would be more

meaningful if good estimates of the strength degradation (Q(i) function)

were available. Then the proof test result could be used to develop a

conservative estimate of reliability.

1

PROPOSED METHODOLOGY DURING ENGINE PRELLMIXARY DESIGN

c

In all but a very few cases, detailed data on the various structuYes

will not be available. This precludes the use of the methods discussed

previously. Historical failures for structures are evailable from previous

programs. These failure rates are based on tests of varying duration, in

some cases of unknown length. If it can be assumed that each of the tests

were of sufficient duration such that the structure was exposed to the

maximum possible stress, then these historical failure rates can be said to

be the results of exposing structures to total operating llfe conditions.

They would be analogous to 60 cycle/lO hour type failure rates of RERVA

: components. Based on this reasoning, reliability predictions for structures

i during engine preliminary design will be based on using historical failure rates
J

raised to the first Ix_er only, since the failure rates are assumed to bet

I 60 cycle rates.

i llel_ '• cycles R

When more detailed data are available calcula_tons will be _de

" coe_ensurate with the data.

° _

0.4 __ ,,_
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1.0 INTRODUCTION

Presented in this volumo is the analysis portion of the System, Failure-

Mode Effects & Criticality Analysis (FMECA), The basic engine system analyzed

and its mode of operation are described. The assumed methods of engine operation

and control through all phases of operation are defined. For purposes of analysis,

the engine system is divided into nine separate subsystems which are listed in

Section 1.2. In addition, the analysis format is described, and the ground rules

and assumptions used in the s_alysls are given.

i.i SCOPE

This System FMECA documents the component failure modes and their

effects on the engine system and cla.sifies each according to its failure effect

in each engine operating phase. Each co_rponent has one or more failure modes or

states that preclude performance of its designed function for all or a portion

of the engine operating cycle. Each failure mode can in turn be caused by one or

more failure mechanisms either within the component or in the other parts of the

_yste-_ that can affect its action. The e._fect on system operation due to every

component failure mode is described as either the expected change in other components

in the engine system or a change in system integrity, operation, or performance.

: This analysis has been prepared using an initial assumption th._t only the failure "

under consideration has occurred (double failures are not considered).

This System FMFIA will be maintained as an inte&ral part of the

ensine design process and will be updated as a result of stay refe,ence engine design

• cha_as. A basic objective of this System FMECA is to assure _ _;-s:.-matic and

detailed review of all possible system effects due tc the feilure of system components

to perform their design functions. It also provides the following: {

a. Identification of single failure points critical to mission
. SUCCesS.

b. A basis for system contingency analysis.

c. A basis for reliability an_ safety =athematical models.

d. A baals for maintainability studies.

I-i
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e. A basis for identification of the malfunction detection

requirements.

f. A basis for establishing the instrumentatlon and control

requirements.

; g. A basis for establishing computer simulation of malfunction runs
necessary to determine system effects.

: h. A basis for developing component test pzograms

i. A basis for identification of trend data characteristics

to be monitored.
/

,i

ill The System _MECA will be used as a primary tool in demonstrating

cxn=pllancewith the safety and reliability requirements for the engine and, in
conjunction with the FMA, will assure that reliability and safety are effective

1
4 subsystem design parameters.

1.2 DESCRIPTION OF CONTENTS

:1
-_ 1.2.i Stmm_ry
1

_- For purposes of this System FMECA, the engine has been

divided into the following functional subsystems:
?

f

a. Turbopump Subsystem :

i b. Pump Discharge Control Subsystemc. Turbine Bypass Control Sub&ystem

d. Cooldown Subsystern

e. Nozzle Assembly, Pressure Vessel & Closure Subsystem

f. Gimbal Assembly Subsystem
\

g. Thrust Structure and External Shield Subsystem

h. Reactor Assembly Subsystem

i. Structural Support Coolant Assembly

This breakdown differs from that described for the reliability

mathematical model (Volume I). It was chosen largely for the sake of convenience to

the FFF.CAto give a more equitable division of the narrative and analysis content.

Thus the bypass control, pump discharge control, and cooldown functions _re given
separate identities from the remainder of the propellant feed system, and the pressure

"4
1-2 _-_
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vessel and closure was co_blned vtth the nozzle assembly and the external shield

with the thrust _t_-ucture. The lnstru_zntation and control subs_]ste_n does not

_ppear since it acts only co affect other end control elen_nts such as valves

has _o direct influence on the engine status at the syste_ level of analysis.

A general definition of the engine and its subsystens and

a desLrlption of the engine operatlnE phases are contained in Section 4.1. A

further description of each subsystem and its func_ons during each engine operating

phase is provided in Sections 4.2 to 4.10.

1.2.2 Anal_sls P=ocedure

Thls analysls has been performed in accordance trlth

Procedure RI01-3OOA as set forth in Data ItesnR-101, NERVA Re, Lability Progr_n

Man.

Each _ent of each subsystem is described_and its

functions during each operating phase are defined. AI_ of the failure modes

pertinent to each coat, orient are Listed and defined, and the effects on _ent,

subsystem, and system operation due to each faLlure mode occurring in each operat._ng

phase are described. Ft_aLty, each fatJ.ure mode is assigned a FaLlure Effect

Category for each operating phase based on the severity of the effects on engine

operation. The procedure format and analysis ground ru/es _ described in

Section3. :

I:

t • ,._

1-3 5
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2.0 SU_C_Y

2.1

The non-nuclear portion of the 40DE engine contains 44 co_ponents

with a total of 242 possible single f_Llure events. The engine operating cycle is

divided into 13 phases, and there are 2028 applicable single failure event -

operating phase co_inations. The distribution of these combinations by Failure

Effect Category is as follows:

CATEGORY _IMBER OF FAILURE EVE:_ -
OPERATL_GPHASEC_4BL'_ATIO_S

I 22

IIA 531

IIB 210

IIC 119

II 860

m

IIIA 236

IIIB 359

IV 551

TOTAL . 2O28
i

3_e re_uLuder of the por_nLtal of 3146 co_binar_lons (242 x 13) are inapplicable for

aperatlonal or fm2ctional reasons descrlbed in the analysis of the individual

co_xmen_. The br_ of these data by _t and by subsystem is presented

in Table 2-I.

Sixty of the above Category IV co_b:[natim_ result from vtolA_Lon of

the current restraint on the rate of change of _ tecq_rature (+ 175"_sec max.)

durlng the t_ransl_nt reapoase to a rapid loss of flow tbro_b one of the TPA legs

when the eagt_e is operating at or near the design chamber t_perat_Lre. The mal-

funcr.tons tJ_olved are Ia_verteat Clesure (_upture Speed) of a PSOV, _BV, or _BV

2-1
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or ruF_ure of a pu_p fnlet llne, a turbine discharge llne (isolatable segment),
(

or a PIIKVAvalve body d_--Ing the phases f.-_= Thrust Buildup through Temperature

Retreat. Whether r_ consequences are severe enough to warrant the Category IV

cla_Iflcatlon is not certain at this time. However, since there is the posslb111ty

of slgnlflcant _ge to the reactor core that could preclude further engine operation,

these _lfunctAous are assigned to Category IV pending analysls of the specific

effects.

A potential proble_ exists i_ the _dovn of the two TPA legs In

paraUel. If the flea i_edances of the two _ of spring closed pu_p discharge

-_ check valves are subst_nt.ta_ly different, the entire chflldmm flow may pass throush ,

the lover l_pedance le8 _lth cmas_uent failure to condtLton the other TJPAfor the

start of powered operation.

2.2 BSS

A System FNECAhas been prepared for the NSS using an initial

_tion that only tse failure under c_onstderar._on has occurred. Double failures

have not been considered. NSS component failure modes and their effects on the

engine syst=m are documented in MANL-_HE-2770. In that TI_ one or more failure

modes have been postulated for each NSS component that precludes perfomance of the

_IS design ._qnc_ for all or a port:ton of the engin_ Qperat£_ cycle,

Each f_ mode identified Is caused by m_e or note failure

mechanisms either _L_tn the conpouent or in other parts of the systes _at e_n

affect its actlc_. Failure me_ of ccupouent parts leadln8 to sn Ecr. BSS

f4£1ure ..ode h_ve been Ldenr._Led and axe also doc_enr._d in II_BL-'DIZ-3_O.

Vhen eae,h_tlnS • system lev_l lq_A, t_e _f_t on total sys_

e_ra_Lan due to ever-/_ent failure stoleis dmserlbed In • _n_r that rulates

to either the exFecr_d chanSe to other c_pouents in the enstn_ system or • chase

In system _tesr£ty, operation, or perfozmmce, r_7 failure modes for t_t NSS have

been #bs_rac_d frou _E_L-1XE-2770 nd m m_artsed _a Table 2-2. _ _vi_h

_t d_ta presented £s the failure effect ca_o_7 for each £aLlm undo. lh_ k_

C

2-2
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f_[lure modes were selected from the reliability prediction standpoint and/or from

lhe criticalities a_signed with regards to mission success. Growth factors for

rellabillty improvement are included for consideration during detail design and

_t phases of the NERVA Program. :
'I

In summary, a total of ninety (90) appllcable system level failure

modes have been postulated for NSS components during an engine operating cycle.

Of this total thirteen (13) have been assigned as Failure Effect Category IV,

t_enty-elght (28) classified as Category III, twenty-four (24) set as Category II

and twenty-f lye (25) as ha_rln8 medic effect amd therefoze assigned as belm 8

Category I.

f

2-3
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3,1 FAII.U_ "A_AL_._tSIq_0CJEI_ FOJ_AT

3.1.1 Descrip_in

a. Theft is defined and described, and _t

dealan Ln_om_ttoa to supplied.

b. 11m required f_u_tlou duria8 _ operactn8 phase are

deftnad.

3,1,2 Failure _qodes
m

appltcable f_Llm_ uodes of each cxmponant are 1JJr_d
and defined,

3._. 3 s_ary Sheet

11m _umary Sheet lists tl_ F_Ll_re Effect Cacqory

vlth each po_.m_la_ f_Llm_ _ durl_ each _ phase,

3,X,4 WorkSheet

Tim gork sheet descrLbe8 the effect8 on eobsystm and sysca 1
operation for uch f_Llure node _ dur4._ each of r_e emal_ oper_

phu4_, Both r.be effect8 under the LnJ_Xu_nc_of _ _orusX emS4J_couCroX uo_ And ' •

amy correct.ire actiumruq_wed to revert to a recmTery uode of operationor an

morseney node of operation toaather with ttut end effect of that: _tion are described.

Tim ffau_ eolunn on cbe york sheet Y_ a pre_lainar_ aul_pmeuc of _ut F_

Effect C_CeKoryfor each falJ_ mode ]sued on the enSine opevatinS effects,

m:[8_e_t of the Fa_re Effect Ca_eKory _ be m_ht as _ of _ FJ_sh_ Safe_

C__n_7 _J_ _ I_ X_m S-X03.

'i
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3.2 _rINITIOHS _D GROUND RULES

3.2.1 Definitions

The followln8 definitions form a part of thls

analysis:

a. ':

For the purpose of this FMECA, a component is

defined as a part or assemblage of parts that performs a distinct function

and that exercises a direct influence on the operating status of the engine

system without requz/nS action by an Intervening part or assembly. Included are

all lm41v_ual valves, the lines and their Joints, the TPA's, the control drums,

the fixed portions of the reflector, the internal shield, the fuel elements,

the core support structure, the stems, .the nozzle, the chamber, the external

shield, the thrust structure, and the engine g_bal asse_blies. Excluded as

separate co=_ents by this definition are the valve actuators, all part of

the control and instru=entation _ubsyste=, and any other parts of the system

that act throush another single part or assembly to influence the ensioe operation.

b. Pat_re Mode

Each co=_ment has one or -,ore states or conditions _

• that preclude performance of its intended function for all or a portion of the

engine operating cycle. A failure mode is the description of that state of )

e_d_tence. Each failure mode _a_, in turn, be caused by one or more failure

mec_ either within the co=portent or iz, the other parts of the system that

can affec_ its action. For example, a _nt failure n_de could be a valve falls

to open while the part mechanls_ which produce the failure mode could be actuator ._

hous/x_ ruptures, spr_ fal.la, solenoid fails, shaft breaks, etc.

\

3-2 _
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c. Failure Mode Effect

A failure mode effect is a description of the

expected change in other components in a system or change in system Intesrlty,

operation, or performance which results fron the defined failure mode. A

failure mode effect will carry through successively higher assemblies to the total

system.

d. Operational Phase

An operational phase is a'period of tlmewhere the

engine is exposed to a different level of external and internal environments.

The NERVA engine operation is divided into 13 such phases. These are listed and

defined in Section 4.1.2.

e. Recovery Mode (Failure Effect Catesories IIA, B or C)

A mode of operation by which mission objectives

can be met following a fa/lure.

f. Emergency Mode (Failure Effect Cagegory Ill)

A mode of operation designed _o obtain a safe crew

return and to prevent danger to tLe earth population following a failure which i "

precludes meeting sr_ated mission objectives. Minimum requirements to effect i

Emergency Mode are stated in the current KERVA Program Requirements Document, SRPO_ ?

Document No. sm_-_Pm)-1 (XPRD).

Operations in am Emergency Mode must be attainable from all

operating modes of the ensiue cycle including all shutdown modes and coast modes.

8- Emergency Action (Failure Effect Category IV)

Action required for crew survival followin8 a faihire ,,

which precludes operation in the Enmrsency Mode.

b. Failure Effect Category

The classification of each failure mode based on the

3-3
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severity of l_ effect on en01ne operatic-. The Failure Effect Categortem u_d

for _ DiE_ are deflned J_ Table 3-1.

3.2,2 Analjsis Ground Rules

The following 8round rules and as_mpuiano were used in

this enalyeis :

a. All components _re designed and fabricated to correct

specifications, and an ensine built frc_ such co_xnumCs _ perfor_ within

prescribed operating 11z_.

b. The analysis is made for single component failures

, only. SimulUmeous or non-s_taneous independent fa£1ures of two or more

ca_onento are beyond the scope of the present analys£s.

c. A failure of a component, _e_her that failure is

caused by the co_pon_t itsalf, or by the actuator for that component, or by loss

of electrical power to the actuator, or by loss of either input or output cont_l

signals, is cunsidexed to be a failure of the component bein8 analyzed.

d. The system effects of a _al_unctlon durlu8 a particular

phase are evaluated on the bas£s that the engine entered the phase £n an unfaded

• state,
I

_ e. The effects _ast be relaUlve to the phase under

cons£derarA_n •

_' f. If a funcl:ton £s not: required within a phase and that

| function £s lost became of a _, the fa£1ure _ be categorized as KA (not

_ab_e).

j g. Assignment of the YaLture Effect Category for a failurein an a_t£ou encLtn8 a phase £s made to that phase. The only except£on is nmlfuncULons

i

1975071575-131



occurring in the tran_ition from phase C to phase D. For example, failur_ of a

l_OV Co open wo_Id be asslgned to phase D (Temperature CondICionln_ rather tha_

C (Pre-Sr.ar: Operat:Lon_).

h. Failures during checkout (l_u_e C) are categor£zed on

the basis o£ their effects on subsequant operatlng phases.

i. A propellant line segment includes all lines, fltt_ngs,

JunctUres, bellows, _Ids, etc. in the deslgnated flow path descrlp_xm unless

othervlse spec_f J_l.

Ji'
I :
%- -.2:-.. -., Y
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+' TASLE 3-1

-s

O) _ATT_ 1 - lr_tluTes vhich prc_uce no _i_ific_t perfo_-_.ce
or Baf©_ de_r_cLotinn of the system, a11me continued operation in
th_ _or_l ocde Chraur_hout. _he rated e_l_e life, a_d do _C reault

+ /_ the _d_rlon of Single Failure Polnrs to the 8ysCem,

(2) CATT_+tY %I - Failures fr_ which the engine can recover end still
• meet its nor_l-r-od0 perfor--ance _nd service life re-quirc-P_nts by
+_ l_Itchln_ to or revercicg to a recovery mode. buc _ch do result
• In the _dditlon of one or core Single Failure Points to the sy_C +m.
, Fl_lures in rh./s cateKory are further _mb<flv_ded a_ foiloms:

ZIA - F_llures vhlch degrade the safety o! contlnmed operatlcms, kut
+ sd_Ich do not produce transient effects an_, sc the t_tc_ o£
_+ fsllure, do nor require euto_-_tlc or _u,nual act<on for the

recovery =ode. Fallurm_ of safe_y syst_:_ _d orJndby-r_ ..
co=ponenLs fall v_thla th_s category.

ZZ_ - Failures which are co=_nsated for a_t_Jticall7 by the nor=_
; ¢_n_ro_ rode or _._nich produce transient effect.s _hlch can be +

*.o!cr_ted _ the sT_te_ and vhic_ perr_t t_e /or b_n J,,_ge-
_t to be exercised on the _ethod and desirability of r_o

- , recov_z7 c,o_. Failures vh_ch require _he fm_ctlonln3 of _tfeCy
_te_m or redu_mnt ¢c_pon_ Co pr_,=iu_e Ca_aSory III_ effects

within this cetesory.

-_ ZZC - Fm_lures vhich require i_=ediace _lfu_ction detection a_,_ sub-
:_cc'_t a::_.on to r_.ov_ o: :e._en the transient e_fecc and tu
preclude sysce= d_,age. S_tchi_ to the recover7 ,,ode _s usually
aec¢:p1_shed autocatically by the _Ifuncc_o_ detection r_ate= or
by the engine control s_te_. Failures v_Lch require the auto=eric

:, fm_ctlonin_ of safec_ syste_ or reducdant cc:_onencs co preclude
C_e_or7 IV effec_ falZ v_ch_ _ cace_ry.

_- _3) _Y tTI - Failures vh_ch result in lz_bility oE _ m_ine Co ne_t
its north-teals perfor-..ance or serv_ce-l_e requ.tre=encs but which allow
E_rgenc7 ._de 0_erscion or Single Turbcpu=p Opere_. Fa£1_s £n rJ_s
c.8_e$ory are _r_he_ subdivided As fo3_ve:

• Ilia - 7_ru _tch r_L_tre SLn81e Tur_ 0per_clon.

_: _ - F_ which require _erile_ l_<te Opere_io_

' (6) CATEGO_r%Y- Failures which reset in direct _nJury Co th_ erev,
emdm_ser the earth's population, or damage eke s_ececra£t or ocher
st.lle _od_.ec upon vhich trey survival dep+nds, end/or vhlch preclud_
ihaergenc_ .V_de Operation. Th_s cate_oz7 incl_du f_res _.tch pro4_cs

*+' _ o_ _ of t..ha follov_ _ysc_ effecr.s:

(_) l_ncorr_c_ble t_t vector _Ltlmm_,

;' (b) Lose o! thrmmt Co _ than t.h_r r_i_red Co _ff_ E=erilency

_. ll0dl 0_retlou.

(©) IMbili_v to reduce thrust or u_ccm_f_l 8h_dmm end/or
v_ch pr_cl_ca e_l_t restart.

(d) Uns_ceesmful startup to attain thrust e_u_l Co or Sre_rt_

that r_uir.d for _r_ _de Op0r_C_a.
f_

. ¢
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SECTION 4.1

ENGINESYSTEMDEFIN'TION :_
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_' 4. 0 N_NSS FAILURE MODES AND EFFECTS A.NALYSIS

r

4 . 1 _gGL\'E SYSTEM DEFINITION

4.1.1 Description

•. The NERVA engine utilizes a nuclear reactor to provide

heat input to liquid hydrogen propellant to obtain a high specific impulse

propulsive force for space-mlssion applications. The engine incorporates a

pump-fed, full-flow cycle. Low pressure liquid hydrogen is received from the

stage, increased in pressure by a pump, delivered to the nozzle coolant Jacket

and reflector where it receives some heat energy, passed through a turbine which

drives the pump and then through the reactor core where it is heated to the

desired temperature and finally exhausted throug_ the thrust nozzle. The

temperature of the exhaust gas and thus the specific impulse is controlled by

the position of the control drums in the reactor assembly and by the quantity of

hydrogen in the core. The thrust level is a function of the amount of b_drogen

being exhausted and is controlled by the quantity and energy content of the gas

I flowing through the turbine.

The fluid flow paths are illustrated for the NERVA

engine in Figure 4,1-1. The engine is divided into two major portions, the Nuclear

Subsystem (NSS), comprised of the reactor and the SSCA which controls the propellant

flow through the core support structure, and the Non-Nuclear Subsystem (NNSS)

which is the rema__u_._r of the engine up to but not including the main propellant

tank.

"[ For purposea of the FMF/_, the NNSS is further divided

ii into seven subsystems. The five of these involved in the flow and cent-el of
propellant through the engine are outlined in Figure 4.2-1. !

<

iI" 4.1.1.1 Turb_u_p Subsystem _

The turbopump subsystem starts with two parallel _' 1

flow paths from the Main Propellant Tank (_T) each containin 8 a block valve (PSOV). i

The flow paths continue through 9.7" low pressure pump inlet lines (PIL) to two !

separate turbopumps (TPA's) where the stream pressure is increased. The flow then is

discharged into 5" pump discharge lines (PDL) ea h containing two check valves (PDKVA "

i and PDKV). The two streams Join into a era=men 5" line leading to the pump discharge

t f'
• coutrol subsystem (PDCS). From the pump discharge control subsystem, the flow _.s t.L ,,

4-1
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i again picked up by the PDL and transmitted to the nozzle torus. Propellant is

i tapped off the PDL upstream of the PDCS for reactor coolant and reactivity

I _ control by the SSCL and downstream of the PDCS for supplemental reactor coolant' by the SSBL.

. After the high pressure flow has passed

through the nozzle tubes and reflector, it is recomblned with the SSCA stream

inside the pressure vessel and then re-enters the turbopump subsystem through

the 7 i/2" turbine inlet llne (TIL). The flow continues =hrough the TIL's to

the turbine side of the TPA's except for that portion which is diverted through

' the bypass _ubsystem. The flow through the turbines discharges into another

' 7 1/2" llne (TDL), combines with the bypass flow, and passes back to the pressure
t

_ vessel, th_s co_pletlng the cycle in the turbopump subsystem. Block valves

i (TSV's and TDBV's) are Included In each of the TIL's and TDL's to provide emergency
shutdown and isolation =apab411cy for a malfunctioned TPA and to prevent flow

through the turbines during engine chilldown and cooldown periods.

4.1.1.2 Pu=p Discharge Control Subsystem

The pump discharge control subsystem consists

of two block valves (PDBV's) and t_o control valves (PDCV's). Their package

configuration is t_ parallel less each coutalnlng one block and one control valve

in series. The subsystem accepts the primary propellant flow stream from the

upstream section of the pump discharge llne and delivers it to the dov_strmun

section of the PDL. The purpose of the subsystem is to provide part of the system

flow control during the scartup and shutdown transients. Durisg normal steady

state operation at the design point, the valves are _rlde open and have no control

function.

&.l.l.3 Turbine Bypass Control Subsystem

The turbine bypass control subsyst_ consists
7

of t_o block valvce (BBV's) and t_o control valves (BCV*s) rich the associated

lines in a quad pack configuration sfmtlar to the pump discharge control subsystem.

The 4 in. Curblne bypass llne (TRL) connects between the T_L and TDL of the turbopu_p _

1 subsystem. The p_rpose of the bypass control subsystem Is to provide par:ial

i re_alatlon of the quantity of drive gas available to the turbines and to provide

, a flow path around the turb_nas when propeLLant flow without turbine operation Is .

-, d_lx'ed.

!
l

4-2 ._

1975071575-137



F

!

4.1.1.4 C_oldo_a Subsystem

The cooldovn subsystem consists of two block

vaives (CSOV's) and two control valves (CSCV's) joined together in a quad-

pack and the 3" lines between the HPT and the discharge line fro= the SSCA.

Its purpose is to provide coolant to the reactor follo_ag high power thrust

operations.

4.1.i.5 Nozzle Assembly, Pr_e Vessel and Closure

s_syste_

The nozzle assembly consists of the nozzle

and nozzle extension. Its function is to direct and expand the exiting

propellant gas to provide the engine thrust. The nozzle contains co0Lsnt tubes

and is cooled by propellant flow during operation. The nozzle extension is

constructed of f_ reinforced graphite comFosite. The nozzle has a 24:1

expansion ratio, while the nozzle e__enston increase_, the e_iansion ratio to

i00:I.

The pressure vessel houses and provides support

for the Nuclear Subsystem and contains the high pressure hydrogen propellant

fluid _ich flows through the nozzle tubes and armmd the enclosed reflect,_r to

the internal shield. The _y also tra_tt_ thrust [_ the _oz_Ze to the

lower thrust structure.

4.1.1.6 Thrust: Structure and External Shield Subsystem

The thrust structure is the p_ load carrying

: me=bet of the engine. It transits thrust and inertLsl loads _ the pressure ;

F vessel for_rd closure and the main propellant tank str_ture. It is divided into

, t_ parts by the glmbal assembly. _ne lover thrust structure Lies beteeen the pressure

i vessel and the glmbal, and the upper thrust structure li_ between the Iblmbal _ •

! the tank.
_' The external shield is attached to the lower

thrust structure Just forward of the pressure vessel, It £8 a _ite inert

structure used to attenuate the nuclear radiation fro_ the re_tor assembly for manned

._ .f missions. The external shield is removed from the engine for _ :_tssions.

i '
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4.1.1.7 _ Asselnbly Subsyst.e_

The gt=bal assembly consists of the gl_al

structure thai: interfaces _rlth the upper and lover thrust structures and the gtmbal

actuators. The gimbal actuators are a servo-coutrol system consisting of electro-

_:h_1_1_1_ actl_tioll l_ehan4_q¢_ and a cantrol amp]:tfier. The two g_al actuactors

are locate_ 90 ° apart Co provide thrust vector position control about the pitch and

y_ axes.

4.1.2 Engine Operating Phases

The following is a description of the assumed operation

.i of Reference Engine l1374A30E, Revlsed per PD-12151A, as used in this analysis.
!

'. Easin_ operar=[on is divided into 13 different phases, and the FNECA's prepared for

i each co_pon_t consider the effect on engine operation for each phase _ the
engine entered the phase £n an unfa:lled state. The reference engine floe schematic

is shown in Figure 4.1-1. l_sure 4.1-2 indicates the engine valve and control dru_

positions for normal engine operatlna for each operating phase, and the valve

actuation _ are listed in Table 4-1. The primary engine control modes and the

_oraal _r pressure and temperature as a function of the engine operating phases

are indicated in Figure 4.1-3. Figure 4.1-4 is a chamber temperature - chamber

pressure olmrattng _ _g the principal operating constraints and the

oTmracU_ reSzoa da_ag eagU_ startap mad shacda_.

4.1.2.1 Laxmr.h

Pr_r to launch, the engine Is purged _rlth

nitrogen gas to rid the system of trapped air. _ £s followed by a purge _Lth

dry hel£u= gas to remove the nitrogen. It is planned to use a burst dinc t_ seal

the syst_s after _hese purges are completed. The propellant tank is them loaded

with the desired quant.f_y of ]Aquid hydrosen, and the vehicle in ]mmched by a

booster rocket into earth orbtl_. Durtn 8 the l_mch phase, the main propel.l,sn_

pressure J.s _alnt.a£ned at a _ oir PSk.T = 15 ps£a.

C "
o.
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Coast Period

4.1.2.2 Post Operations

The post operations phase, as used in this

System FMECA, applies to both the initial coast period, after boost into orbit

and before the first burn, and the period between the end of cooldown after one

burn and the beginning of pre-start operations in preparatlon for the next.

During post operation_, the propellant tank pressure is held below 31.5 psia by

means of a relief valve. This venting system is not considered to be part of the

nuclearengine.

4.1.2.3 Pre-Star t Operations

The pre-start operations phase consists of _

engine functional and status checks to assure readiness for startup. Prior to

each burn, each of the BBV's, TBV's, TDBV's, PDBV's, BCV's, SSBV's SSCV' CSCV'

and gimbal actuators is cycled through its total position span ending at its _

nozmal pre-start position. The control drums are moved out far enough to confirm

that they can be rotated and then returned to the zero position. Finally, the

PDKVA actuators are withdrawn to the open position, and the SSCV's are closed, ;:

completing preparations for the thermal conditioning phase.

j,
/z

Startup Period

4.1.2.4 Thermal Conditioning and Nuclear Startup

The thermal conditioning and nuclear startup _

phase consists of pump chilldown and reactor thermal conditioning and startup. ,_

The SSCV's are placed in position control at their minimum control position and

the PSOV's are opened to initiate liquid hydrogen flow to the engine under tank _

pressure. At the same time, the drums are programmed out exponentially to a

preset level and then placed on a slow linear ramp. When the chamber temperature .i

increases to 900°R (or increases by a set increment in the case of a restart),

C _rattnre loop cloaure occurs, and chamber temperature control is initiated. i

4-10 _
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+

The chamber temperature is maintained at about 1250°R, using drum control, through

the rest of the temperature conditioning and bootstrap phases.
!

Flow continues under tank pressure until the
t

+ impeller areas of the pumps are sufficiently chilled to provide a head rise when

powered. It Is estimated tkat tMs condition will be satisfied when a quality of

: about 30% vapor volume exists at the pump Inlet. When this occurs, a signal is

generated to initiate the bootstrap period of startup. •

" 4.1.2.5 Bootstrap and Powered Chilldown
L_

Upon receipt of a signal to initiate bootstrap,

_ : the TBV's and TDBV's are opened to supply flow to the turbines with the BCV's held

.: ! open in position control. The PDCV's are ramped to a near closed position and then

placed in a closed loop control mode using pump speed as the prime feedback measure-

meat with the de._nd ramped to the desired pump speed of about 6000-8000 RPM. A

: hold is made at this pump speed and a chamber temperature of about 1250°R in order [

: to condition the TPA balance piston and bearing areas to liquid hydrogen conditions

prior to operation at high pump speed. At 6000-8000 RPM, the pump discharge

pressure is sufficient to drive hydrogen through the pump bearing cavities _nd

balance piston and thus produce cooling of these areas. When both pumps have been

sufficiently chilled, a chilldown complete signal is generated that initiates the Y

thrust buildup period of operati( _. +

3

4.1,2,6 Thrust Buildup }
+

5+

Receipt of the thrust buildup Initiation

signal starts a programmed engine ramp to the throttled operating point (270 psia +_.

chamber pressure and 4250°R) at 150°R/sec, and then to the rated conditions (450 psia

chamber pressure and 4250°R chamber temperature) at 50 psla/sec. During the early +;

portion of this transient, the SSCV's and BCV's are programmed in position control .

with the drums and PDCV's acting in closed loop engine feedback control to trim

engine along the desired path.

. 4-ii ;_:?::_
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The temperature ramp is initially controlled by

the drums with the SSCV's at a preset position. When the chamber temperature

reaches 3000°R, the drums are placed in their throttle hold position, and

• temperature control is switched to the structural supporL coolant flow (SSCV's).
7

The clmmber pressure is controlled during thr_:_t buildup to the throttle point

by the PDCV's with the BCV's programmed from full open to their normal throttle

point position. At the throttle point, pressure control is switched to the BCV's, and

the PDCV's are programmed open during the traverse from the throttle point to the

design point. The drums are ramped from their throttle position to the orifice

position during this traverse.
|

",.1.2.7 Rated Operation

A. Normal Mode (Two TPA's)

Rated engine operation is maintained within

the controllability limits at the design point by control of chamber pressure with

the BCV's and control of chamber temperature with structural support flow regulation

by the SSCV's. ThOr.mode of operation is continue_ until engine shutdown is

i_tlated.

B. Malfunction Mode (One TPA)

The engine is designed to operate at rated >

chamber temperature, but at a reduced chamber pressure corresponding to 80Z of

rated thrust wlth one leg of the propellant feed subsystem inoperative. Should a

condition be detected requiring shutdown of one leg, the PSOV, TBV, and TDBV t

of that leg are closed, the ma_ chamber pressure demand is reduced to 360 psia,

_ and the B_'s and SSCV's adjusted to give the reduced thrust level.

Shutdown Period
J

4.1.2.8 Throttling

0 :
. The engine shutdown is initiated with a ;

J
reduction in chamber pressure at a rate of 50 psi/see to the throttle bold

point (270 psia chamber pressure) while the chamber temperature is held constant / ._.

_ 4-12 i
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at the rated level (4250°R). During the transition, the pressure remains in BCV
f \

control, and the PDCV's and control drums are programmed to their normal throttle

point positions.

4.1.2.9 Throttle Hold

A short steady-state hold is made at the

throttle hold point to allow some of the fission product inventory generated earlier

_ to decay and thus reduce the propellant requirement for pump tailoff and cooldown.

Chamber temperature and pressure control remain with the SSCV's and BCV's respectively.

4.1.2.10 Temperature Retreat

Following the steady-state period at thrcttle

hold, pressure control is switched to the PDCV's with the BCV's in programmed

position control_and engine shutdown is continued with the chamber temperature and

pressure ramped to 2600°R and 160 psia at a temperature ramp rate of -150°k/sec.

The shutdown is initiated with the chamber

temperature in structural support flow control with the drums fixed at the throttle

bold position. When the SSCV's go full open (or to a preset position), they are

held fixed and control is switched to the drums. When the chamber temperature

reaches 2600°R, the drums are rolled to their full in position at the maximum

•' actuator rate, and temperature retreat is completed.

!

4.1.2.11 Pump Tailoff

F

When the drums have been rolled in, the

chamber temperature control is switched to the PDCV's, initiating pump tailoff, i

i and the chamber temperature d._mand is decreased along a programmed profile. When '_
u

i the chamber temperature decreases to the maximum cooldown limit, it is held £
J

constant by continued turbopump operation tmtll the coolant fl_ requir_a=ent decreases "J

to a level that can be supplied by tank pressure only. At this point, the TBV'" :!_

: and TDBV's are closed, termlnati_B pump operation and the pump tailoff phase. _

From their position at the end of temperature

( ) retreat, the BCq's are prosra_ed to be full open at the end of pump tailoff.

{(
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. 4.

!

At some point as yet to be defined during pump

tailoff, the CSOV's are openedjand the operating CSCV is cracked open to permit the

_ vapor accumulated In tl,_.cooldown llne and that generated in chilling it to be

vented back into the tank and the cooldown line to be filled with liquid prior to

the start of the cooldown period.

/

NOTE: As the system power is reduced, the operating

point of the pumps moves closer to the stall region. Recent engine system analysis

indicates that the stall point may be reached some time during pump tailoff with

both TPA's operating. To preserve stable engine operation, it would be necessary

to shut down one TPA and conduct the rest of the tailoff phase on a single leg. _

At this time, it is not c_rtaln whether this is required and, if so, when the i t

transition would be made. In addition, no assessment of the capability of bringing

the idle leg on line in time to prevent nozzle and reactor damage in the event of I

a loss of flow through the active leg has been made. In light of these factors, I

the current analysis is made on the premise that both TPA's will be in operation

during the pump tailoff phase.

Cooldown Period

i

4.1.2.12 Early Cooldown "

When the pumps are shut off, the system

pressure profile permits the return springs on the PDKV's and PDKVA's to close

those valves, terminating flow through the pumps. The PSOV's and PDKVA's are then

closed and the PDCV's, SSCV'sland operating CSCV fully opened. Continued liquid

coolant flow to both the stems and reflector is supplied through the previously

chilled cooldown subsystem.

When the chamber temperature decreases to the

lower cooldown limit, the SSBV's are closed. This terminates flow to the :eflector

whlle structural support coolant flow is continued through the open CSCV. When the J

temperature of the stem liner material increases to a limiting value, one SSBV is

opened _ inltiate flow through the reflector. The SSBV is closed terminating

%
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reflector flow, when chamber temperature decreases to a minimum limit. This

sequence is continued until the limiting reflector- aterial temperatures occur

before those of the stem liner material. When the minimum temperature limit is

attained during this pulse, all flow to the engine is interrupted by closing the

CSCV. The SSBV remains open.
l

4.i.2.13 Pulse Cooldown
j

Cooldown pulses are introduced by opening the

_ CSCV to a predetermined position when the reflector material temperature increases

: to the limit. The propellant flow rate is approximately 0.7-1.5 Ib/sec during a

;, pulse. Each pulse is terminated by closing the CSCV when chamber temperature

; decreases to the minimum cooldown limit. Successive pulses require ti,eCSCV to

come to successively less open positions to maintain the desired flow as the system

: cools.

The cooldown phase is terminated when reactor

coolant is no longer required. Both the CSCV and CSOV's are closed at the termin-

ation of the final flow pulse.

4.1.3 Operating Assumpt ipns

The assumptions regarding the component and subsystem operation

and capacity used in the analysis are listed below:

a. The pump discharge control valves (PDCV) are operated in

active redundancy. Total flow requirements can b. handled through one PDCV leg.

b. The bypass subsystem is operated in active redundancy.

Total bypass flow requirements can be handled through one bypass leg.

c. The structural support valves (SSCV and SSBV) are operated

_n active redundancy during engine thrusting phases and in standby redundancy during

cooldown.

C
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d. The cooldown supply control valves (CSCV) are
operated in standby redundancy, and both coolant shutoff valves (CSOV) are open

_urAag _ooldo_a.

e. A PIIKVA cam not be closed against full pump discharge

pr_.

f. A _A will hold tank pressure in the no:_al flow
f

dire_i:ton.

4.1.4 Valve FatJ.u_e Modes

The faLl,,re modes of each component will be

listed and defined in conjunction with the individual component FMECA. However,

( to avoid repetition of much of the same verbage for each of the valves in the system,
reference will be made to the standard llst of valve failure _des shown in Table 4-2.

The failure modes of a particular valve will be shown by exception or addition to this

list:. The probability of occurrence ef each failure mode is contained in Volume I of

this report.

r
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TABLE 4-2

VALVE FAILURE MODES i
i

Code Title and Definition

Ol Fails to Move From Full Open Position _ :

Loss of the capability of the valve to move from the full open position after

being opened by normal actuator operation. The valve failure position is <

i wide open, and it remains in that position for all subsequent engine operation.
• For compatibility with the reliability m_de_ and the double failure matrix

_] elsewhere in this Data Item, the inability of a block valve to close rapidly •

! enough to perform its intended safety function is also included in this

dp_inition, and for purposes of analysis its failure position is taken as
I

I opera. _
i

02 Fails to Move From Full Closed Position _
j

Loss of the capability of the valve t_ move from the full closed position

after being closed by normal actuator operation. The valve failure position _"

is fully closed and sufficiently seated to maintain internal leakage either {

forward or reverse, within the specified requirements, and it remains in -_

that position for all s__t engine operation. _-
"/

i
03 Inadvertent Closure (Actuator Speed) _

Move=rant of the valve to the ful_y closed, seated position when nozmal _

system _eratlon requires it to be in an open or intermediate position.

Closure occurs at a rate corresponding to the normal speed of the valve -.
• J

actuator. The final failed state is closed and sealed within ths _rmal

Inter_ml leakage requirements wleh no s_]_t capa_lllty to move fzom

posit.
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TABLE 4-2 (Cont'd)

04 _Iver'cent Closure (Rupture Speed)

Hove_ent of the valve Co the closed position _hen normal syste_ operation

requires it to be in an open or ln_ermedlate position. The closing time interval

(20 - 50 ms typical) is much shorter than the actuator operating time.

Closure occurs under the influence of the stream hydraulic forces or a closing

bias spring (if any), or both. Hence the mechanism generally involves dis-

engagement of the valve stem from the actuator or rupture of the stem. The

final failed state is closed and sealed in the direction of the closing

stream forces. Whether it is sealed in the reverse direction depends on the

exlstence and strength of a closing bias spring and the existence and magnitude "

of stream forces tending to drive it open. Differentiation is made between

the rupture and actuator closure speeds primarily because of the gross

differences in the engine transient effects and the capability for continued
r

operation following such a malfunction during the high power operating phases.
i
J

• 05 Inadvertent Open

Passase of the valve to the full open position when the norual requlred slate

is closed or intex_ediate, with no ca1_abLLity of subsequently n_v1_ from the

:I
!
j ;

06 FaJ.ted Intermediate

This failure mode is applicable to binary valves only. The valve

fa_lute positlan is nelther sufficiently closed to adequately block

fim_ nor open at a suitable position for continued operations at

:ated conditions. The valve cannot be moved from this Intermedlate

position. The malfunction can occur as the result of a s_usis fa_lure

only dur_ag the normal transition fram one extremm position to the

other. At any other time, it can result only from mtltiple _m_functions

and hence is not treated in a sin_te rapture analysis.

!
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TABLE 4-2 (Cont'd)

07 "Fails to Control

This fallure mode is appticable to any analog valve that is used either in

automatic closed loop control or in programmed position control. It indicates

the inability to r_>ond properly to maintain the control variable within

specified limits or the inability to properly follow a demand position profile.

There is no specific failure position.

08 Internal Leakage

Internal leakage indicates the passage of fluid past the valve seat when the

valve is in the closed position at a rate which, if unchecked, would

preclude normal operation or would result in sufficient loss of propellant

to preclude completion of the mission. The leakage can be either forward (in

the direction of the normal flow path) or reverse (against the mmcmal flow

path) depending on the particular valve and the operating phase of the engine.

09 External Leakage

External leakage is the loss of propellant through openings in the valve

body or past sealing surfaces at a rate that precludes normal operation or

that results in sufficient loss of propellant to preclude completion of the

• mission. The leakage can occur on either side of the valve seat,and the
q

availability and nature of the corrective action for such a malfxm=tlon may ,_

on the location of the leak. |

Loss of the physical integrity of the valve body with __ _ loss

i.! of propellant and complete inability to transit or modulate flow beween the "
cont:tg_was line segments. The v_l_e is not capable of se_08 _Lt_sr Joined

line _st_t, and neither segment is _ £o, any phase of con_ _ '
operat£oa.

j.
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TIIRBOPUMPSUBSYSTEM
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4.2 TL_BOFUHP SUBSYSTEM

4.2.I Description

4.2.i.I Function/Requirements _
I

The turbopump subsystem draws low-pressure _

liquid hydrogen (LH2) from the Modular Propellant Tank (MPT) and delivers it _ ._

at high pressure to th_ nozzle and the reactor as necessary for engine thrust ,_

operations. It provides a flow path from the MPT to the pump, the structural _

support coolant assembly (SSCA) and the pump discharge control subsystem. It _, _

also provides a flow path from the pressure vessel to the turbine and return to

the pressure vessel. The turbopunp subsystem, in conjunction with the bypass and "_

pump discharge control subsystems, must regulate the flow rates and pressures to

satisfy startup and shutdown thrust requirements The subsystem must also prevent "_• :r

! propellant flow within prescribed leakage limitations during non-operational periods•

For normal operations, these functions are satisfied with two turboptmps in parallel

with their related valves and lines." In addition, under certain malfunction con-

ditlons with one turbopump shutdown, the subsystem _ust deliver propellant at

pressures and flow rates to satisfy a _-_-_ thrust level of 8OZ of normal rated

operation.

4.2.1.2 Configuration ._

The schematic configuration of the turbopu_

subsystem is shown in Figure 4.2-1. It contains two turbopu_s (TPA's) that ar_

normally operated in parallel. Each turbopm_ leg has a PSOV between the MPT

and the TPA inlet, two check valves (FDKV and PDKVA) in the pu_p outlet line, a TBV

in the turbine inlet liue, and a TDBV in the turbine discharge line. The individuai

pump outlet lines Join in a _ line that feeds the pm_ discharge control sub-

system and the structural support coolant assembly subsystem. The section of line

leading from the pu_p discharge control subsystem to the nozzle torus is considered ._

part of this subsystem. The valves and TPA's are inter-connected by Lines varying

in size from 10.7 inches to 5" in diameter. These are the Pump Inlet lane (PIL), Pump

Discharge Line (PDL), Turbine Inlet Line CEIL), and Turbine Discharge IAne (TDL).

In addition, a three inch llne, STPL, from the TDL supplte_ pressurant to the MPT.

The instrumentatiou and controls for the operation of the above components are

considered to be part of the subsystem for this analysis.
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1
The primary TPA control handles are the

pump discharge control subsystem and the turbine bypass control subsystem. Analyses

of these subsystems are presented in Sections 4.3 and 4.4.

4.2.1.3 Operation !

i-
3

The operating sequence of the valves in the

turbopump subsystem is illustrated in Figure 4.1-2. 0uring launch and post

operations (coast) all valves are in the closed position. The PSOV's are the main 1

block against propellant leakage from MPT. The PDKVA's, PDBV's, TDBV's and TBV's I

perform the function of secondary blocks against loss of propellant should the

PSOV's leak grossly or be in other than the desired closed position.

At the start of the operational phase Tempera-

ture Conditioning and Nuclear Start, the PSOV's are opened to initiate L_ flow to

the engine under tank pressure. (The actuators on the PDKVA's were withdraws during •

pre-start operations). Tank pressure opens the four PDKV valves. At the same time ,

of the PSOV opening, the drums are programmed out to obtain reactor core heating.

This operational phase is continued for about 25 secot:_ during which time propellant

flow continues at a rate of approximately 1.2 ib/sec. When the chamber temperature [

reaches 900°R (or increases by a specified amount), the drums are placed in closed

loop control with a fixed temperature demand until pressure loop closure occurs. When "

liquid hydrogen quality requirements are satislfed at the pump inlet and reactor

thermal conditioning requirements are met, the engine is ready to proceed to the

next operational phase,bootstrap.

Bootstrap is initiated by opening the TBV's

and TDBV's and placing the PDCV's in closed loop control of the turbine speed.

The turbine speed demand is ramped from 0 to 7000 rpm in 10 sec. When the turbive

speed reaches 7000 rpm, the system is held in that state until the TPA bearlmgs

and thrust balance cavities have been chilled sufficiently to pez_t high speed

operation. The engine is then ready for the thrust buildup phase.

"t
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At the start of thrust buildup, the

(_ turbine speed control loop Is opened, and the chamber pressure control loop

is closed, with the control element still being the PDCV's. Chamber tempera-

ture and pressure demands are ramped at a rate of 150°R/set and approximately

11.65 psi/second,respectively, until a T of 4250°R and P of 270 psla (throttle
C C

point) are reached. Chamber temperature is then held constant while the chamber

pressure is ramped at a rate of 50 psi until the rated operation level of 450 _

psia is reached.

Up to 270 psia, the chamber pressure _s

controlled by the PDCV's, and the BCV's are programmed from their initial full

open position to their normal throttle point position. At that point, the control +'

is switched to the BCV's, and the PDCV's are programmed open during the traverse

from 270 to 450 psia. At 3000°R during the startup ramp temperature control is %,

switched from the drums to the SSCA, and the drums are placed in their throttle

hold position. The drums are then ramped to their design orifice position during

the pressure traverse to the rated operating point. Thrust buildup from bootstrap _

to rated operation takes about 26 seconds.

%"

Operation at 4250_R an_ 450 psla is continued

with the SSCA controlling Tc and the bypass subsystem controlling P until the planned• C

duration is completed.

At the completion of rated operation, shutdown

is initiated with the operational phase, throttling. Durlng throttllns, P is
C

ramped at a rate of -50 psl/second until a P of 270 psia is reached. Durlng this
C -.

transition, pressure is controlled by the bypass subsystem and the PDCV's are

programned to their throttle hold position. The chamber temperature is held con-

lltant by the _ at 4250°R. +,,++

The operational phase throttle hold is a

steady state hold position at 60Z thrust and full Isp (Pc = 270 psis and •

Tc - 4250"R) to allow additional time for some minor fission product decay to occur i

while the chamber temperature is hish. ASain Pc and Tc control are maintained +_

by the bypass subsystem and the SSCA. The duration of the throttle hold varies

C. depm_dln8 on the duration of the prior rated operational per_d. A typical

throttle hold d_ation is about 100 seconds. •
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Following throttle hold, pressure control

is switched to the PDCV's, and shutdown is continued with the chamber
T

temperature and pressure ramped down to 2600°R and 160 psia. This operational

phase is Temperature Retreat. The temperature ramp rate is -150°R/second.

The BCV's are programmed open during temperature retreat in order to have these

' valves fully open prior to the beginning of pump tailoff. Chamber temperature '

is controlled initially by the SSCA with the drums fixed at their throttle

hold position. When the SSCV's reach a preset position, they are held fixed, and

control is switched to the drums. When the chamber temperature reaches 2600°R

_ the drums are rolled in, completing the temperature retreat phase.

At the end of the temperature retreat phase,

the pressure control loop is opened, and the temperature control loop is
i
" switched to the PDCV's, initiating the pump tailoff phase. The chamber

temperature decrease continues along a programmed demand profile under PDCV

control until a T of 1524°R is reached and coolant flow has decreased to about
; C

.% 1.7 ib/_ec. At that point, the TBV's and TDBV's are closed, shutting down the

TPA's and terminating the phase. The PSOV's and PDKVA's can then be closed to

conclude the subsystem operation. All of the valves in the turbopump subsystem

are now closed, providing double blocks against gross leakage from the MPT through

the main propellant lines. The duration of pump tailoff varies with the hold

time at rated operation. The duration of pump tailoff varies with the hold time

at rated opezation. For i0 minues of full power, pump talloff is about 4.5 minutes.

The turbopump subsystem has no operating

function during the cooldown period except for that portion of the PDL used

to transport coolant from the SSCA to the nozzle t_rus.

4.2.2 Failure Analysis

4.2.2.1 Prope/lant Shutoff Valve (PSOV)

a. Description and Function

IThe PSOV's are 9.7 inch spring-loaded

poppet valves located in the pu_p Inlet lines. They are binary valves providing

on-off control of propellant from the MPT to the TPA's. When closed,

a
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each must contain LH 2 within the M/T at a temperature of approximately '

_ 40°R and pressure of about 30 psia. The flaw rate through each valve

_i , ranges from 0.5 ibs/sec during startup to 45 ibs/sec during rated

_ operations in the dual TPA mode. For single TPA operation, flow can

? range up to 75 Ibs/sec. When the engine is operatlng In the single TPA

:_ mode, propellant accumulated in the pump inlet llne by leakage through ;

the PDKV's or through the pump bearing is vented through the PSOV in

the inoperative leg back to the main tank to prevent overpressurizlng

:I the PIL and rupturing its bellows. During cooldawn and coast, this .

i relief function is required at both P__V's to dispose of the propellanttrapped in the subsystem when it is shut down.

The valve design (Dwg. 1139051) is shown

in Figure 4.2-2. The poppet stroke is 3.75", and the annular flow area

around the poppet in ,:he full op,__nposition is somewhat greater than the

PIL cross-sectional area tn _-rovide minimum pressure drop during engine

operation. In the closed position, the maximum allowable internal leakage

(in/et to outlet)is 150 SCIM with liquid hydrogen at 40_R and a pressure

differential of 30 psi. When the downstream pressure exceeds the tank

1 pressure, the poppet w_ll lift off the sealing surface against the spring

force to vent the PIL back into the tank and prevent rupture of the bellows

in that llne.

The actuator is located on the side of

i the valve housing perpendicular to the flow direction and is downstream

of the sealing surface so that maintenance can be performed on that portion "i

of fl_evalve while the poppet remains closed to prevent flow from the tank.

. The valve drive is an actuator shaft an,_ pinion gear combined with a rack ,

of the poppet shaft, co=vertlng rotary motion of the actuatorsegment

shaft into linear motion of the poppet sha._t. The PSOV's have a design open-

In8 and closln8 speed of 5.0 + I second. Upon loss of electrical pover

to the actuator, the valve will remain in place.
f

For purposes of the FMECA, the PSOV is _

consLdered to consist of the valve, actuator, electrical power for actuator,

and control signals, both input and output. A failure of any of these ,::

(3 ;_onent_ is t_ken as a failure oft_e PSOV.
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b. Modes of Failure

All of the failure modes listed in

Table 4-2 are applicable to the PSOV except Fails to Control (08), since the

valve has no modulating or position control function. In addition, it has a

mode called Fails _o Vent, which is failure of the reverse venting of propellant

in the pump inlet llne back to the main tank through the PSOV in the inoperative

leg during operation in the single TPA mode or during non-operating pexiods when

propellant trapped in the pu_ inlet line 8,_erates pressures that_ust be

relieved to prevent rupture of the bellows.

¢

• 4-27 l ""_ ,"

1975071575-165





















4.2.2.2 Pump Discharge Check Valve

With Actuator (PDKVA)

a. Description and Function
i

The PDKVA's (Figure 4.2-3_ are 5

inch actuated check valves (Dwg. 1137291) located in the pump discharge

lines. Their primary functions are to isolate an inoperative TPA by

preventing back flow into the pump and to provide backup internal leak

isolation to the PSOV's during cooldown and coast periods. Each PDKVA
i

:_ is equipped with an electrical actuator that can d_ve it closed against

a pressure differential of 30 psi. Once driven closed, the valve is

held in place without electrical power to the actuator, and the actuator

must be retracted to permit subsequent opening. When the actuator is
#

$ reLracted, the valve functions as a normal check valve. Each contains a

_ closing spring that will hold the flapper closed against a one "g"

acceleration. To crack open the PDKVA, a pressure differential of 0.5

to 4.0 psi is required.

i

The PDKVA is a flapper valve with

metal to metal sealing surfaces. The flapper face is self-aligning by

means of a partial ball-Joint. Torsion springs which hold the valve in

a normally closed position are located on the pivot shaft between the

hinge ears which connect the flapper to the shaft. Anti-chatter snubbers

bear on each of the hinge ears, and each hinge is coupled to the shaft

wlth a spllne. The shaft is supported by double row ball bearings near

either end. A potentiometer for monitoring the valve _osition is _'

attached to one end of the shaft and is enclosed in a cover which is sealed
J

to the valve housing. Attached to the other end of the shaft by a spllne

: is a two-tooth dog clutch, which is the interface to _he actuator. The :_[

:. actuator housing will be sealed to the valve housing. The potentiometer and :_

clutch cavities are connected co the downst_ream side of the valve by small _,

bleed-off lines.

The permitted actuator opening time _

:" is I0 seconds, maximum, w_ile the specified closlng time is 3.0 ._1.0 sec.

i k_en beln8 held in the closed poslt ion ,103 the PDKVA will not leak from" inlet to outlet in excess of 2.4 x standard cubic inches per _,

_ m_b_te of G_ when the inlet pressure is 30 psia and the outlet pressure is ,, .!•
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zero. Under reverse flow conditions, the PDKVA will not leak from

the outlet to the inlet in excess ol 2 x 104 standard cubic inches _

: per minute when the outlet pressure Is 1450 psla and the inlet pressure _

: • is zero. ",

On losb_f _leetrical actuator power,

the PDKVA retains its normal check function Nut cannot be opened if it
¢

_: has been actuated closed.

b. Modea of Failure I

All of the f_ilure modes listed in "-

Table L-2 are applicable to the PDKVA's except 07, Fails to Control :

In addition, the definition of Inadvertent Open is modified to mean

inadvertent retraction of the actuator from the closed position with no ,i

capability of moving from the retracted position. Whether the valve would • '

actually open would depend on the pressure differential across the flapper.
7

; A potential problem exists with both

the PDKVA's and PDKV's during the Temperature Conditioning phase of operation.

A positive pressure differential of 0.5 - 4 psi must be maintained across

the valve to keep it open. If the valves in one leg are n_r the low end

and the others near the high end of this range, flow may take pl_ce j

preferentially through tbe path of least resistance, resulting in failure I

to adequately chill the o_her pump. This mlght require some change to the i "_

operating procedure such as alterr_tely flowing propellant through the two ,

pumps by suitably opening and closing either the PSOV's or the PDKVA's I "

to insure chilldown of both pumps.

t

/
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4.2.2.3 Pump Discharge C_ck Valve (PDKV)

: a. Description and F_ction

A 5-1nch check valve is located down-

stream of the PDKVA in each of the pump discharge lines. They are actually

contained in con=nonhousings with the PDKVA's (See Dwg. 1139291, Fig. 4.2-3).

Their primary function is to perm/t isolation of an inoperative pump by

preventing back flow of propellant from an operating pump into the inoperative\

pump exit.

The present concept of the PDKV is a

z flapper type valve with metal to metal sealing surfaces. It is similar to

the PDKVA except it has no actuator. The flapper face is self-allgnlr,g by

means of a partial ball-Joint. Torsion springs which hold the valve in a

normally closed position are located on the pivot shaft between the hinge

ears which connect the flapper to the shaft. These springs will hold the

_ valve closed against a pressure differential of 0.5 to 4.0 psi. Amtl-chatter

snubbers bear on each of the hinge ears. A potentiometer for monitoring the _,4

valve position is attached to one end of the shaft and is enclosed in a
=

cover which is sealed to the valve housing. The potentlometer cavity is

connected to the downstream side of the valve by a small bleed-off llne, _.

Under reverse flow conditions the PDKV will not leak from the outlet to the

inlet in excess of 2.0 x 104 standard cubic inches per minute when the outlet

pressure is 1450 psia and the inlet pressure i8 zero psla.

The PDKV assembly is redundant to the

' PDKVA in the propellant feed system to block the back-flow of propellant

through an inoperative tu_bopump assembly durln8 engine operation in the single

TPA mode. The PDKV assembly permits propellaut flow throush the propellant

:; feed system during all normal engine operating periods. It parr:tally opens _

by pressure in the pump dlscharse line during engine chilldown and pre-start
; !

phases. Pump discharge pressure during the engine start operation opens it i

' fully. When the PSOV closes at the end of the pump rmiloff phase of ens/ne

_hutdovn, it is closed by the actiou of the returu sprinS.
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b. PDKV Modes of F [lure

Several of the failure modes llstLJ

in Table 4-2 are not applicable to the PDKV. Since it has no actuator,

the modes related to Inadvertent Closure (03 and 04) and Inadvertent Open

(05) do not pertain. Fails to Control (07) does not apply because the

valve has no control function.

G
i
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; 4.2.2.4 Turbine Block Valve (TBV)

a. Description and Function
(

The TBV's (Figure 4.2-4) are 7 inch I.D.

spring loaded poppet valves (Dwg. 1138915) located in the turbine inlet

lines. They are used to block flow through the turbines during chilldown

and cooldown and to provide an i_mediate emergency shutdown capability

for a TPA during the powered operating phases.

The poppet is driven by an electric

motor through a compound differential planetary gear system and ball

screw. The valve opening or closing tlne is 500 + 50 ms, and it will

remain either open or closed without power to the actuator. (Note:

This actuator speed differs from thatindlcated on the above drawing

and the component specification. These documents have not yet been updated

to reflect a recent decision to delete a separate emergency closing feature

and increase the normal actuator speed to perform the emergency closing

safety function).

The maximum allowable internal forward

leakage is 5.2 x 105 standard cubic inches per minute of hydrogen with

inlet pressure of 1006 psla. M_r-_ allowable internal leakage, outlet

to inlet is 2.6 x 103 standard cubic inches per minute of hydrogen with

outlet pressure of 30 ps_a and InZet pressure of 1 x 10 -9 _n Rg.

The TBV's are maintained closed during

the Temperature Conditioning and Cooldown phases to block flow through

the turbines and during coast to prevent any loss of propellant through the

pu_p bearings if a PSOV does not seal. Both valves are opened and closed

for checkout during prestart operations. They are opened at the end of

Temperature C'mditioning to initiate bootstrap and are held open until

the end of pump tailoff to permit operation ol the 1_A's. During these

phases, they provide the capabi.tlty for emergency shutdown of a TPA leg and for

isolation of a portion of a malfunctioned leg under operar=ton in the single

YPA mode.

C
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b. Nodes of Failure q

All of the failure _des of Table 4-2

are applicable to the TBV's except Fails to Control (07). These valves

have no control function.

i
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4.2.2.5 Turbine Discharge Block Valve (TDBV)

a. Description and Function

The TDBV's are 7 inch I.D. poppet valves _

(Dwg. 1138916, Figure 4.2-5) located in the turbine discharge lines. .;

Their functions are to provide redundant blockage of flow through the _ '"

turbines during the chilldown and cooldown phases, redundant emergency ,4&

TPA shutdown capability during powered operation and partial isolation _ -

capability for an inoperative leg. In addition, they are a backup to the ,_

PSOV against large losses of propellant from the tank during cooldown

and coast. Their functional requirements and operating characteristics

are identiclal to the TBV's. _ •

b. Modes of Failure

Same as TBV (4.2.2.4)

1
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4.2.2.6 Turbop_mp Assembly (I_A)

a. Description and Function

The function of the TPA's is to raise

the pressure of the propellant from the main tank to a level high enough

to permit flow through the rest of the system at the rates required to

maintain the programmed thrust level during the powered operating phases.

The full flow cycle selected requires that the pump raise the pressure

of the propellant, stored at 30 psin in the vehicle tanks to approximately

1400 psia at the pump discharge during normal mode operation. At this

operating condition, the full flow turbine is being driven with hydrogen

heated to appro-_ately 290°R by the nozzle, reflector, and stems. During

_omml mode operation, the turbine operates at a pressure rat_Lo of approxi-

mately 1.5 w_tb a control bypass flow of 8Z. Figure 4.2-1 shows the functional

relaLton between the TPA'a and the other TPS components.

During normal mode operation, both TPA's

are operatln_.each supplying 50Z of the flow at the required system pressure

to provide an engine thrust of 75K. Malfunction operation requires that

either TPA provide the flow and pressure necessary to produce 80Z of rated

thrust. During malfunction operation, the turbine operates at a pressure

raZlo of approximately 1.8 and a temperature of about 300"R.

The turbopu_ assembly (TPA) concept shown

in Figure 4.2-6 (Drawing 1118101) consists of a t_-stage centrifugal

pu_ driven oy a t_,_-stage pressure compounded turbine. The first stage

pump impeller is preceded by an inducer operating at main shaft speed. Pump

_alet diameter is 9.5 inches aC the pump to inlet duct interface, reducing

to 6.95 inches at the inducer inlet. Pump impellers are arranged back-to-
t

£ro_t vlth an internal continuous vaned crossover between the first and second-

stage Impellers. The secov_-stage impeller discharges into a vaned diffuser i"

succeeded by a scroll with a single five inch diameter discharge duct. The /

turbine inlet manifold configuration is of the torus type with a 7 1/2 inch

inlet duct diameter. Discharge Is through a 90° vaned elbow with an exit

t 'dlmaeter of 7 1/2 inches. Pressure rlse of the pump at the no_tn_ design ,_

floe of 46 lbs/sec is approximately 1400 psi with a shaft speed of 24,200 l "
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Figure 4.2-B (Sheet Z)

(P_p End Viow)
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rp_. Corresponding values for the sidle TPA mode are 74.0 lblsec, 1310 psi,

and 26,500 rl_.

• The TPA rotor system is supported by two

sets of preloaded 65_ duplex ba31 bearings. One set of bearings is located

between the first and second-stage in_elle_, with the other set being

located between the second-stage Impeller and the overhung turbine. At

speeds above 8000 rpm, axlal thrust of the rotor system is compensated by

a self-acting balancer. The balancer bleeds flow from the discharge of the

second stage inq_ller and returns it to the back shroud area of the first-

stage impeller. Below 8000 rpm]axial thrust is absorbed by the turbine bearing

set.

The TPA is supported by two trunions located

on the inlet housing and a sway brace attached to the turbine discharge flange

The '_A has an overall length of appra.vd_ately

38 inches and a maximum dis_eter of 27 inches.

The preliminary cocr_n_tedweight of the TPA is

770 pounds, as shown on Drawing 1118101. This assumes that the rotor is

fabricated from titanium, and the pump and turbine houslnss are of 310 SS.

b. Failure Modes

six system level TPA failure modes used _

in the analysis are as follows:

Ol Fails to Start

Definition: Failure of the TPA to begin
_,_

rotation following proper chllldown when the turbine inlet is supplied with

hydrogen at normal temperature and pressure by op_ug the TBV and TDBV at

the start of the bootstrap phase. ,_

i

This failure mode is applicable only to

G the bootstrap phase because a TPA can not be brought on llne against an
already operating u_it. Atte=ps to do so would result in stall and overspeed

of the unit belng brousht on llne even if the pump were properly chilled.
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This probably llmlts the acceptable starting region of a TPA to the

early part of the bootstrap phase, but the permissible lag between the

etarti_ times of the two TPA's has not yet been determined.

02 Premature Stop '7
:t

Definition: Rotation of TPA ceases

and remains stopped during operation when the turbine inlet is being _

supplied with hydrogen at the temperature and pressure appropriate to the
engine operating status during the poweret phases. : ,

,i
03 Low Perfor=ance

Definition: Performance outside the

toler_.ce limits on the turbine or pump characteristic curves of sufficient =_

magnitude as to cause or require retreat from n_rmal engine operation.
r.

(Note: Analysis of the complete engine system is required to assess the

limits of this failure mode in each powered operating phase).

04 Total loss of Containment

Definition: Loss of the physical

integrity of the pump or turbine housing (or both) with accompanying gross

loss of propellant an_ complete inability to transmit flow between the

contiguous llne segments.

05 Excessive Vibration

Definition: Vibration of a TPA during

powered operation of suff_cient amplitude or frequency as to present an

imminent danger to the physical integrity of either itself or the adjacent _ ._

components and requiring a retre_ from normal engine operation. , --
i_

06 External Leakage

C_ Definition: Loss of propellant through "" i/,";;_j _,,m

openings in the pump or turbine housing or past sealing surfaces at a rate l';_"

that precludes normal operation or that results in sufficient 'loss of _,_';

propellant to'preclude completion of the mission. _
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6.2.2.7 _ptnnpL_s

a. Description and Function

The turbopu_p subsystem propellant

lines comprise the primary flow streams of the engine. They provide a

path for propellant to flow fram the propellant tank through the pannps

to the nozzle assembly and to the structural support coolant assembly

and from the pressure vessel dome through the turbines to the reactor

core. They _ast contain and transport propellant at pressures ranging

from 30 to 1400 psla and at teTnpe_.aturesfrom 400R to a_lent. They

include all tubes, elbow segments, flttlngs,Junctions, bellows, weld

Joints, rn_chanlcal Joints, and seals in the flow pat . For purposes

of descL-Iptlon and analysis they are divided into the following se_ts:

(Note: In the present confisuration both the PDKVA's and the TBV's are

coupled directly to the TPA's so there is no separate line segment between

these _ts).

I. I_ Inlet Line

The sections of 9.7° dla_eter pipe

between the PSOV's and the inlet of each pu_p. Each co.,rains a bellows

assembly to acute the movement required for engine gimballing.

2. Pu_ Discka_e Line-

The sections of 5" diameter line between

the PDKV's and the PDVB's and between the PDCV's and the nozzle torus. The

support system bypass line (SSBL) is also taken as part of this line _t.

3. Turbine Inlet Line - Cocm_n

The sections of 7 i/2" diameter lines

between the pressure vessel dome a_d the TBV' s.

• C'
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4. Turbine Discharge Line - Separate

The sections of 7 1/2" diameter llne

between each TPA and its TDBV.

5. Turbine Discharge Line - _n

The sections of 7 1/2" dls_eter llne

between the TDBV's and the pressure vessel dome.

b. Modes of Failure
*i

OI Loss of propellant through openings in
4

the llne or past sealing surfaces at a rate that precludes normal operation (

or that results in sufficient loss of propellant to preclude completion of i
'i

the mission. Leaks Large enough to preclude emergency mode operation are

included under Total Loss of Containment, below.

02 Total Loss of Conrmlnm_nt

Loss of the physical integrlty of the

llne with accompanying gross loss of propellant and co=plete Ix_ab£1ity to

transmit flc_be_een the end poln:s.

.¢

• L
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SECTION 4.3

PUMP DISCHARGECONTROL SUBSYSTEM
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4.3 PUMP DISCHARGE CONTROL SUBSYSTF_4

4.3.1 Description

4.3.i.1 Function/Requircments

• The pump discharge control subsystem accepts

the main propellant stream from the upstream section of the common pump

discharge llne after takeoff of the stem coolant flow and delivers it to the

downstream section of the PDL. The primary function of the subsystem is to

modulate the flow from the pumps to provide control of the TPA's during the

low power phases of startup and shutdown. It also gives the capability of

increasing the impedance of the PDL downstream of the point of takeoff of the

SSCA, permitting greater hydrogen inventory (higher flow and higher pressure)

in the stems and increasing their effective reactivity worth in the

low and intermediate power phases. This capability was once planned to he

utilized to perm/t operation of the engine on the high Impulse operating

: llne and at the normal throttle point (270 psla-4250°R) over the complete life

of the reactor. However, a subsequent decision to increase the control drum

reactivity insertion to maintain a uniform temperature profile at the throttle

: ( point has negated this br_leflt.

4.3.i.2 Configuration
l

>

• The subsystem consists of C'-o pump dlsc,karge

control valves (PDCW) and two pump discharge block valves (PDBV), (Figure 4.2-I).

They are arranged in two parallel legs w_th a PDBV and a PDCV in series in each
4

leg. The valve pairs are close coupled wlth no llne segment between them so

the subsystem contains no propellant lines. The lines connecting the subsystem

to the pump discharge line are considered part of the turbopump subsystem.

4,3.1.3 Operation ":

During temperature condltlonlns, all four valves

- are u_tntatned open to minimize impedance to the ch_11do_a flov. At the time of

startup of the TPA's at the besinnln g of bootstrap, the PDCV's are ramped nearly 'i,_

closed and placed in closed loop control of the TPA speed. The TPA speed demand

O will be ramped from 0 to about 7000 rp_ and then held at that level to cond£tion
the TPA balance piston and bearings Co liquid hydrogen conditions prior co .

v

operation at higher speeds. • ;i__ ,_
, L
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• When both pumps have been adequately chilled, the

control feedback is switched from the TPA speed to the chamber pressure,

and the demand ramp up to the high impulse operating line is started. At

some point in the programmed ramp which is as yet not firmly established, a

J second control mode change is made. The chamber pressure control element is

switched from the PDCV's to the turbine bypass control valves, and the

PDCV's are placed in position control. As the thrust huildup phase continues,

the PDCV's are programmed to be fully open on approach of the rated operating

point.

In shutdown, an inverse procedure is used. During

the traverse from rated operation to the throttle point, the PDCV's are

programmed from "full open to an appropriate intermediate position and maintained i

at thatposition during the throttle hold phase. At the end of throttle hold,

or at some point in the temperature retreat, the pressure control is switched

back to the PDCV's for the remainder of temperature retreat. At the end of

temperature retreat, another control mode change is made for the pump tailoff

phase. The chamber temperature is placed in closed loop control with the PDCV's,

and the pump tailoff phase is conducted along a temperature demand profile

until the reactor has cooled sufficiently that continued cooling can be

performed without the aid of the TPA's. At the end of pump tailoff, the PI)CV's

are returned to the open position for the cooldown and coast periods.

The PDBV's provide the capability of closing off flow

through a PDC leg in the event of a malfunction of one of the PDCV's. They are

normally maintained open during all phases except for a _.heckout in prepazatlon

to start the engine.

Each of the legs has the capacity to _andle the entire

flow requirements for the system.

O ,.

_-_
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4.3.2 Failure Analysis

4.3.2.1 Pump Discharge Control Valv_

a. Description and Function

The PDCV's are analog control valves

used to modulate the flow through the co_z_onpump discharge line to?

provide control of the TPA's during the low power phases of engine

startup and shutdown. They are also used to increase the impedance

of the pump discharge llne downstream of the SSC_ take-off and increase

the inventory of hydrogen in the core stems and hence the reactivity worth

of the stems during operation in the vicinity of the throttle point.

The PDCV (Figure 4_-i) is a venturi-

visor type valve (DrwE. 1139076) with a 2.8" venturl diameter and a

visor with a 3.8" spherical radius sealing surface and a 2.8" diameter

circular port. The full valve stroke is I00'_,and the nominal full

• ( opening or closing time is 1.0 seconds. In the open position, the full

2.8" venturi is uncovered, giving a very low impedance to the flow.

The maximum allowable internal leakage in the fully closed position

_s 2 x 106 SCIM (inlet to outlet) at a pressure differential of 69.7

psi and inlet conditions of 83 psla and 50°R.

The valve is driven by a rotary shaft

powered by an ac induction motor through a planetary gear train with a

speed reduction of approximately 450:1. Loss of electrical power to the ._

ectu_tor usu_ the valve to fa£1 in place. _

b. Failure Modes

All of the failure modes listed in Para.

4.1.3.1 are applicable to the PDCV except Fails at Intermediate Position

(06). Intezuedlate failure of a control valve is included under Fails

w _ol (07). ,:

0
h

.}
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4.3.2.2 Pump Discharge Block Valve (PDBV)

) a. Description and Function
t,

The primary purpose of the PDBV's is

to provide the capability of blocking flow through a malfunctioned PDCV.

In conjunction with the PDCV, it also permits isolation of an external[

leak between the two valve seats.

¢

t The PDBV is a ball valve (Figure 4.3-2)
I

: with a 6.5" outside ball diameter and a 3 5/8" diameter circular port

(Dwg. i!39187). The valve stroke is 90 °, and the nominal full opening or
J

closing time is 1.0 seconds. In the open position, the full 3 5/8" diameter

port is open to provide mln/mum impedance to the propellant flow. The

ma_dm,,_ allowable internal leakage in the fully closed position is 2 x 106

SCIM, inlet to outlet, at a pressure differential of 59.7 psl and inlet

conditions of 83 psia and 50°R.

/

The valve is driven by a rotary shaft powered+

by an induction motor through a planetary gear train with a speed reduction

of 120:1. Loss of electrical power to the actuator causes the valve to

fall in place.
<

b. Failure Modes

The PDBV's do not exercise any control

" function. Hence the failure mode Fa/is to Control (07) is not applicable.

All of the remaining modes listed in Paragraph 4.1.3.1 are applicable

to the PDBV.

2

¢ . !;

% VL ..
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SECTION 4.4

TURBINE BYPASS CONTROL SUBSYSTEM
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4.4 TL_BINE BYPASS CONTROL SUBSYSTEM
l

4.4.1 Description _

4.4.1.1 Function/Requirements :'_

The bypass control subsystem provides an

open flow path around the turbines for engine chilldowm and c_oldo_n, and is

the primary pressure control element during powered operation at and above t_e ;

throttle point.

4.4.1.2 Configuration

A

The bypass subsystem shown on the engine °

schematic, Figure 4.2-], consists of two parallel legs, each containing a bypass

control valve (BCV) in series with a bypass block valve (BBV) and the connecting

lines (TBL), fittings, Junctions and welds in the flow path between the TIL and

TDL. The bypass subsystem also includes those parts of the _umstrumentatlon and

controls that interact with the four valves.

Either BCV-BBV leg is capable of bypassing

the required flow for operation with one or both TPA's. During normal operation,

the BBV's are always open and the BCV's are operated in active redundancy.

4.4.1.3 Opexati_ _ _,-
<

Durln8 launch and coast, the BCV's and BBV's _-

are in the full open p_slt_ou with no functional requirement because there Is

no hydroBen flow. B',,rln_ Phase C, all four valves are cycled closed _'d then

• re.opened to detenni._ their readiness for engine start.

The subsystem is required to remain open
"r

durin_ temperature conditlcnln_ and bootstrap. Flow is allowed to pass through

the _ and exit the nozzle w£thout _o_ through the tu.-b_um_s to pez_tt

f/

4-111 '

1975071575-284



proper ehilldown of the pumps prior to bootstrap. At least one bypass leg

(.J must be full open (or equivalent through both egs) for successful execution

of these phases.

During thrust buildup to the throttle point, ' ,

the BCV's are programmed from full open to an intermediate position approx/mately

the same as they w-lll assume when the pressure control mode change is made from

the PDCV's to the BCV's. After this switch, the remainder of the thrust buildup,

the steady state operation, and the throttling and throttle hold portions of

shutdown are conducted with the chamber pressure under the influence of the bypass

control valves. They are the end control elements in a clo_ed control loop with _

feedback that functions to reduce the difference between the demanded and measured _

chamber pressure to zero. With a nominal engine operating on two TPA's at full =k

rated thrust, approximately 8Z of the total fl_ goes through the turbine bypass

control subs_,stem. :

After completion of the throttle hold, the

BCV's are again placed in position control for the temperature retreat and pump _/

_ _ _siloff phases. The specific position program has not yet been established, but •
>

_ they will be wide open st the end of pump tailoff. The s_'bsystem is required to

remain open during the cooldown phases to provide a flow path aroumd the turbines.

-i

The bypass control concept presents _ _e _
%

problems from the standpoint o£ closed l_-_pcontrol of the chamber pressure.

The BCV's can influence the system only through changes to the impedance seen

by a small stream of propellant flowing in parallel with the turbine drive gas. ,

Th/s indirectinfluencecauses the Inlt/a!responseof the BCV's to component

_Lfunctlons to be generally 180" OUt of phase with the final equilibrium

zequ_remen_s, exa_eratlng _he _rauslent upset and making the system tend _o j

overshoot and hunt for the new operating conditions. For example, a dsvl _ion

of chamber pressure below _he demand requires the _V's to close, d_ver_-in_ more

drive gas to the turbines. As the valves close, the total impedance is increased,

cmmin 8 a further reduction in the core flora and c_mnber pressure. Th_s causes _

, ghe BCV's to be closed even further' c.ontinulng the process until the pump :

C output is Increased sufficiently t_ overz/de the additional impedance and s_ar_
chamber pressu_ back up r_ard the demand. '
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)

• The control logic will have to anticipate

these phenomena to minimize system transJents. Many malfunctions may require

" temporarily opening the BCV control loop and moving the valves to predetermined

positions to preclude violating syst_ _ operating cons_ralnts. This is a serious

complication to the control system and the malfunction detection and correction

system that could be avoided by a more direct scheme of turbine control. _ :_:

4 4.2 Failure Analysis _ i

• ;_ -3

_ 4.4.2.1 Bypass Control Valve (BCV) i

a. Description and Function

The BCV's modulate the flow through the "_

bypass control subsystem in accordance with the engine operatlng requirements _ ,

• for startup, steady state, and shutdown. During chilldown, bootstrap and _
q

cooldown, they are full open to m.ln/mize the subsystem impedance. I

The BCV (Figure 4.4-1) is a nominal !

4-1nch vlsor--venturi type valve (Dwg, 1139049) with a 2. r,''[_ venturi. The _

_ circular visor port is also 2.5" i_ diameter so that tJ:. _..__ ch&nne.l is un-

obstructed when the valve is in the full open position. ?_.e fu_ I • ,lye stroke, ?

including the shutoff seal is 123 °, and the nominal opening or c'o_)n 8 time is <

_ 1.0 second. The maximum allowable internal flow in the fui3y ,-io_d position

is 3,4 x 106 SCIM (ii.0 ib/m/n) at .ormal engine operation i_rl_ temperature

279°R, pressure 1078 psia, pressure differential 353 psi).

The valve is coupled to the drive shaft

with a spline, .and driven by a variable speed electric motor through a planetary

8car train. In the event of loss of electrical power to the actual:or, the valve

will remain in place. It has no m_chanlcal or electrlcal emergency dose system.

• _ Yall_e_od_

All of the failure modes listed in

Table 4-2 are applicable to the BCV except Fails at Intermediate Pos£tion (06).

Intermediate failure of a control valve is _ncZud_d under Fa:t£s to Control (07).
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4.4.2.2 Bypass Block Valve
!

a. Descrlptiun and Function

i The bypass block valve provides the

: capability of blocking flow through a turbine bypass control subsystem
7

leg in the event of a malfunction of a BCV. In conjunction with the BCV,

it also permits isolation of an external leak between the twc valve

i seats. During normal operation, both BBV'E are maintained omen during allphases except for a checkout during pres_art operations.

%

The BBV is a nominal 4 inch ball
I

valve with a 3.625" diameter circular port, (Figure 4.4-2). In the
2

full open position, the port matches the inside diameter of the inlet line

to provide minimum flow resistance. The maxlmum allowable internal leakage

in the fully closed position is 3.4 x 106 SCIM at normal rated engine

operation. The full valve strok_ including sea_ shutoff is 90". The nornal

valve opening or closing time is 0.5 + 0.05 sec.

The valve is driven by a rotary shaft

powered by an induction motor through a planetary gear train with a speed

reduction of approximately 118:1. In either the open or closed position,

the valve is held in place by a brake on the actuator sLaft with no power

to the actuator.

t
b. BBV Failure _>des

All of the feilure rzi_o li_ted in Table 4-2

are applicable to the BBV except Fails to Control (07). The valve has no

control function. "'

'
I

,. ,_
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4.4.2.3 Bypass Control Lines

a. Description and Function

The bypass control lines provid e

a flow path for propellant from the TIL to the BCV's (inlet) and from

the BBV's to the TDL (outlet). Both segments are 4" pipe, and both are

branched to provide two parallel paths in the subsystem. Each pair of

valves (BCV-BBV) is close couple_ so there is no separate llne segment 1

between them.

b. Modes of Failure

Same as Turbopump Lines (Paragraph

4.2.2.7).

\
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4.5 COOLD(N_SYBSYST_

4.5.1 Subsystem Description

4.5.1.1 Funct Iou/R_quire_nts

The primary functic_ of the cooldc_n

system is to provide a flow path and a means to control LH2 coolant flow

to the structural support system (stems) and to the reflector follow/rig

_red use of the reactor. The coolant is required to _ decay

enerKy and thus malntalu reactor tm_peratures within acceptable limits.

Since the subsystem includes a flow path between the Nodular Propellant

Tank OTPT) and the reactor, the subsyste_ must also prevent exo_oe of

• hydrogen frow. the NFT during engine non-operatlonal periods (Immch and

coast) and must prevent high pressure_ stem flOW escape elthe_ externally

into space or Inte=uaily into the MPT durin8 ensine powered operate.m1

4.5.1.2 Cou,tH4sO.ou

1_e conflsuratlon of the cooldowu subsyste=

is _ in Figure 4.2-1. It contains two parallel control valves

(CSCV) each in series with a block valve (CSOV). The valves are located

in a :)--inch line (CSL) startln8 fro= the _T and co_inuin8 to a Juncetou

with the 4" structural support coolant line (SSCL), In s_titi_n, the

cooldo_ subsystem includes those l_Cts of the _ unit sad the Instrummta-

tioa and Control Subsystea that interact with the cooldoen subsystea and J

its funcLtons.

structural support coolant usably (SSOIO

and the turbine bypass subsystem f_mcttonally interact with the cooldm_

subsystem for the distribution and eventual exhaust of the coolant flme.

amalyses of these subsystems dur:Lug cooldow'a will. be covered in z'espec-

tlve sections oa those subsystems. For the sake of c_let_ and _

clarlty, their functions _ be described in conjunction with the oi_rat_toa •

of the coo/Ao_n md_ystva belov. ;-_=.:

4-138 I, _:_._
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' 4.5.1.3 Op_rst _

The olmzstlon of the eoold_m _tem

vatlve6is illustrat_l in Figure A.Io_. Both C$OV's aml C_'V'8 aro umlo-

tsim_ _ for eesinc phsses Lamzch thL_mSh t_rat_ _tt_m_ to

p_t flov fran th_ tm_ dutin8 coast, m_d ft_8 the SSCL back into the

t_ duri_ et_ime operation. At s_ point, ss yet to be d_fi_d, in

the pulp _iloff phase, the cooldm_ subsysten is psttLslly opened to

petit circu_ticm of sm_ flow fm t_ SSCA dlscha_ _ into

propellant umk. This chills _ cc_ldmm line end fills it trLth llAvld

so there will be no latertuptLca of _ supply of ltq_l coolsat

to the reactor tdum the props are shut off.

The tvo less ot _ cooMmm su/_y_tes are

opersc_d in stm_iby _. For purposes of this mXysts, the

operat_8 XLae is defined u CSOV1 end CSCV1. The s_ 1Lne is uala-

rained closed except that the CSOV2 is opeood to faclliLste rapid _t_-

over in the event of • salfuactic= in the active le8.

SLs__ trLth the closure of the turbine

block vLt_s at the end of pump Ls_loff, the active CSCV is fully opem_,

the N)CV's are opened, the SSCV's are cS_msd, sad coolnt is supplied

contlm_usXy to both the steas and reflector. The reflector strum eatSTS

the aozzle torus via _ SSCA sad the pap discha:_ c_trol sabs_t_.

FI_ is c_ttaued t_roush both paths _tll the chmber tespersCm_ 4ecruses

to • lmmr coo_tmm ]_Lnit (r.uxar.Lv_y X675° it).

_z sc_ cmn_al_t tim in the _d_ve period,

the PSOV's 8re closed sad the FI_VA actuators are driven to the closed

position to block flou _ the _ to the reflector d_ r_e sub- i

sequent "reflector flc_ off" portions o_ early cooldmm and the _off _

pottlc_ of the pulse cooldmm phsse. These actions cmsplete p_t

of all of _ _ S_st_s valves in their nors_ coast period

• _-t o P,,_ll_.
/

/
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_m the low_ ¢ooldo_ limit is reached,

the SSSV's are cloud, bleckt_ flow to the t_fb_cto_.. _tnuo_ flow

L8 still t_lm_ mai#tataod throuSh tJ_ s_mms, _t th_ flow rate is in-

sufficint to prv_t th_ vea_tm _ _r t_peratur_m from risi_4J.

Hh4m tl_ _r ce epera_urs t_tches the upper co_Idown limit (1$7$ ° It),

om SS_ _ opee_J to _ pro_de additiouaZ cool, mr.

14_ _ector te_p_raturo coastreints smut

be oecoemoda_d durleq& the "r_f_to_ off" periods. Thou are *.be

muimm stem ILe_r ccmpe_score and the _lm_ ref1_ctor material

temperature, lnitLully, the stem lSner limit is reQcJ_d first even

thoush tbet_ is ¢oettnuoms fl_w throush the stems. The chamber

cooldoum ltuit is cbosea to n_Lar_tu ch_ _cou liner teuperature trtthln

its ItmLt.

The reflector flx_ cyclln_ Ls repeated b)

I umms of sos SS_V uttl, duttu8 one of the off periods, the refisctor
*I teuperstoru lla_t Is reached befot_ the 8tram liser llnLt. At that tlae, *

r_e SSllV Ls _ m_d isft opea. Th_ tie, vhen the 1star coo_t_n

]Amit Is _, the CS_V t8 c_. /mr_r_pt_ _ fN._ _
asise. This teruln_tes early co_14ouu and Inltistos the puise cooldmm Y

' The dumber teuperstore L_Lt8 8z_ tbe_

chzn#pd to 12_0 ° t to L390° I for _ c_btmm, rand coo:brat Is mappL_d

to beth the reflector and stem bY _1L_8 CSCVI as requlr_d to !

the ne_ Liners. Durt_ _ iml_e, the fl_e rate is mintmLned 8& _q_t- i
mte_y 0.7 lblsec by _pp_ri_to poeitt_x_q of CSCV1. The pz_r_
uachsnLmt by vhieh the flow rm¢s is umssuz_ m_d eo_troLted has not yet _*

)I cont Lano eser reqred. SoththeCSOV'sud the CSCVm
at the eud of the liszt f_e pu_se.

4-160
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To accompllsh the above cooldown sequence,

CSOV's must open only once during pump tailoff, remain open, and

them close at the completion of cooldown. On the other hand, the CSCV I

must 1_artlally open during pump ta_loff and then cycle between the fully

closed and a full open or an intermediate position many times as well as

control coolant floe while open. The duration of the cooldown period

on the duration of the thrust period. For a i0 minutes of rate

thrust operation, pulse cooldown continues for about53 hours. During

this time, CSCV1 cycles 73 times and controls coolant flow for an ac-

c_mLLIted duration o f 70 minutes.

4.5.2 Failure Analysis

4.5.2.1 Cooldcwn Shutoff Valve (CSOV)

a. Description and Function

The CSOV (Figure 4.5-1 is a spring loaded

poFpet valve (DUB. 1138008) in which the propellant flow makes a 90° turn.

The poppet is driven by a cam powered by an electric motor through a com-

pcxmd planetary gear train. The bias spring exerts a closing force on the

poppet, and a reverse pressure differential also tends to drive the valve

closed.

valve is required to fully open or close

in 0.5 + 0.05 seconds _r_ is capable of remaining in either position with no

power to the actuator. In case of an electrical power failure, the valve

will fall in place.

The ,,m-imum internal leakage, inlet to outlet,

with the valve in the closed position is 50 SCIM with an inlet pressure of

_0 pala. The maxlmm reverse leakage (outlet to i_et) is 8600 SCIM with

outlet and inlet pressures of 1179 and 22 psla, respectively.

The CSOV's are the primary block against loss

of hydr_sen from the main propellant tank during launch, coast, and tempera-

turs cozslltloniv@ (Phases A-D). From bootstrap through a portion of pu=p

t
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I

tailoff they are redunda_t with the CSCV's in blocking excessive reverse

{ flow from the SSCL back into the tank. During pump tailoff they are

opened to permit chilling of the cooldown subsystem and subsequent

performance of the cooldo_n function. The valves are closed at the end

of the final cooldown pulse.

b. CSOV Modes of Failure

All of the modes of failure listed in

Table 4-2 are applicable to the CSOV except Fails to Control (07). The

valve has no control function.

C
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4.5.2.2 Cooldown Supply Control Valve (CSCV)

(
- a. Description and Function

The CSCV's (Figure 4.5-2) are physically

identical to the CSOV's. The external electronic control circuitry is

modified to be compatible with the requirement to move the valve to

intermediate positions to limit the coolant flow to the reactor during L

pulse cooldc.m.

The valve velocity is 33- I00 % of full

travel per second. _nen electrical power is removed from th= actuator,
%

the valve will r_nain in position.

The maximum internal leakage in the forward _

direction (inlet to outlet) is 180 SCIM with a pressure differential of

30 psi. This limit is greater than that of the CSOV (50 SCIM) in view of

the much greater cycle duty of the valve. In the reverse direction, the

internal leakage limit is 8600 SCIM with a pressure differential of

1158 psi.

Because of the higher forward lea_: limit, the

CSCV is not fully redundant with the :SOV in preventing propellant loss from

the tank durlng the coast period. It will, however, prevent gross pro-

pellant losses in the event a CSOV does not seal properly.

The primary function of the CSCV 1 is to

modulate the flow of coolant to the nuclear subsystem during the pulse

cooldown phase. It must also llm/t the reverae flow from the SSCA discharge

back to the tank during the chilling of the cooldown subs-/stem. After

completion of the reactor cooldown, it must be able to vent the propellant

trapped between the CSOV and CSCV to prevent rupture of the lines.

Both CSCV's are maintained closed for all $

phases from launch through temperature retreat except for a single cycle

checkout during prestart operations. T_ley serve as a partial backup
against excessive propellant loss during coast and are redundant with the

CSOV's _n blocking reverse flow back into the tank during engine operation.

%

i
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_ Near the end of the pump tailoff phase. CSCV1 is partially opened to

permit a small reverse flow into the tank in order to chill the cool-

d_n line and fill it with liquid hydrogen before the pumps are shut

off. At the beginning of early cooldo_n this valve is opened and held

open for the entire phase.

During pulse cooldown, CSCV1 is cycled

between closed and an intermediate position dependent on the flow rate

that is desired through the reactor for each pulse. The valve will

,'e_ain in a fixed position for the duration of the pulse. Since the

temperature of the nuclear subsystem components will change during the

pulse, the flow rate through the system will not remain constant during

the pulse. It will be s_allest at the beginning of a pulse and increase

gradually until the lower cooldown chamber temperature limit is reached

and the CSCV1 Is closed to terminate the pulse. As the reactor decay

power level decreases, the position of the valve will be progressively

less open for successive pulses. The mechanism for determining the posi-

i tlon for each pulse has not ye; been established. At the end of the final

pulse, the valve is returned to the closed position.

CSCV2 is maintained closed in standby re-

dundancy. It will only be used in the event of a malfunction in the

normally active leg.

b. Modes of Failure

All of the failure modes listed in Paragraph

4.1.3.1 are applicable to the CSCV's except Fails at Intermediate Posit/on

(06). Intermediate failure of a control valve is included under Fails to

Control (07). In addition, there is a mode called Fails to Vent (Ii),

which is inability of the valve to permit escape of propellant trapped

' between the CSOV and CSCV when the valves are closed.
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4.5.2.3 Coolduwn Lines ._

a. Description and Function _ 1

The cooldown lincs are the segments of i,

3" dL_eter pipe between the HPT and the CSOV's (Inlet) and between _:

the CSCV's and the Junction of the discharge llne frown the SSCA (Outlet). ]
. _

Their function is to contain the propellant against tank pressure {IMet ]

section) and against SSCA discharge pressure (Outlet section) and to _rovlde

a flow path for coolant during the early cooldovn and pulse cooldown phases.

The CSOVs and CSCVs are -_1ose coupled so there is no separate line seg_.nt

between the_

b. Modes o£ Failure

3a_e as Turbopump

L

i
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4.6 _OZZLE ASSEHBLY, PEF_JEE VESSEL AND CLOSURE SUBSYSTEM

4,6, 1 l_script ion

4,6.I.1 Funct ion/R_qulr_nents

This subsystem houses and supports the

nuclear reactor assembly and provides for generation of the engine thrust

through acceleration and expulslon of the propellant heated by the reactor.

The nozzle accepts propellant from the pump dlscharge line and delivers it

t the reflector of the reactor The vessel

LO plenum assembly. pressure

• contains the propellant flowing around the reactor assembly and provides

. access for the passage of the various propellant streams into and out of

the nuclear subsystem. It also mechanically supports the control drum

actuators, provides access between the actuators and the control drums,

and supports the associated pro_rellant lines, wiring harness, and instru-

mentation. The nozzle assembly accepts heated propellant from the reactor,

accelerates, expands, and expels it through the nozzle extension to

produce thrust. Finally, the subsystem transmits the generated thrust and

relevant inertial loads to the lower thrust structure.

The thrust vector 8.merated must be concentric

i ,with and parallel to the engine centerline within the limits defined in

Specification No. EC-90196A.

4.6.I.2 Configuration

The Nozzle Assembly, Pressure Vessel and

Closure Subsystem consists of the Nozzle atd Nozzle Extenslcn, and the

Pressure V-_ssel and Closure Assembly, (Figure 4.2-1).The subsystem mates

with and is attached to the lower thrust structure at the forward closure.

Seals to prevent external leakage through

the cylinder-'.o-elosure and cylinder-to-nozzle Joints, through t.he Joint

between the nozzle and zeactor, and through the Joint between the

' 4..212
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l

nozzle and nozzle extension are considered part of the Nozzle Assembly, Pressure

Vessel and Closure Subsystem. All other external seals, where the varlousparts

attach to this subsystem, are considered to be apart of the individual

components.

4.6.1.3 Operation

The subsystem contains no actuated or '_ring"

components, and so performs all of its functions in all of the wine

ph_e..S in nnm4n_1]y the _ rnf*J"hnn'[cal configuration. '_

4.6.2 Failure Analysis

4.6.2.1 Hozzle i
• j

a. Description and Function

The NERVA nozzle (Figure 4.6-1 is a convectlvely

cooled single pass design with an expansion ratio of 24:1. It is attached

to the pressure vessel (FV) with internally cooled bolts. Specification _j

DS 90196 defines the requirements for the nozzle. It is cooled by propellant _._

entering from the pump discharge llne through a torus and thence through

216 oval, thln-walled,, steel channels attached to the structural shell

and then discharging into the aft end of the reflector plenum of the "

nuclear reactor assembly. The energy received by this stream in its pass

through the nozzle is a major portlou of the total energy supplled to drive

the turbines. About 4Z of the flow is diverted through internal passages "

in the nozzle /PV flange to cool the flange and attac_t bolts and then : "

returned to the reflector plenum.
i

i

A portion of the nozzle extends into the pressure

vessel to support the reactor assembly. A sealin 8 surface on tDm forward face

of the nozzle mates with a seal on the reactor to prevent flow from the

reflector plenum into the chamber.

The heated propellant from the raactor core ...,

enters the forward end of the nozzle, passes through the convergent and

divergent section-, and is discharged into the forward end of the _ozzle

extenslon.

,,-an '-.

1975071575-378







I

i- ,i

1 1_.' k

' !

' _

. ,_'_
-t

_ Lq * ' 4

• / '_" _ i
7 _', _ "_ , _ ,," .,"

• i , , . _% _

,/-% 1i /',4, " i
-_'_a/ • . ,,

. a ,," "
'_ ,'2

' " ..._"1

_ -_' -t-H-Hkki,!!:,_:,<.!_t-*tl] ' ..4- ,: , ,: ...... II >

"-- "'-_'___ _ ....... _-.'_Id# _:Lguro 4.6-]. (Sheet 3)k _#o : li-r_l:I:f't'.l"-1:1'1:I'T-LR",if:
,,,., -._, _r1!;j,r_ _,, ._., ,.1 . ,_, , ,_,,,p.*_

1975071575-381



/

I

ii Mouutings are provided in the ccnvergent

I section of the nozzle for diagnostic and engine control instrumentation,
!

and a bolted Joint at the aft end (E = 24.1) is used foz attachment

and alignment of the nozzle e_tension.

The nozzle is attached to the chamber with 108

hollow steel bolts, Propellant for cooling these bolts is taken from 108

_ nozzle coolant tub'.s through small radial channels to the outside of each i :

bolt, through the bolt wall, and out through the bolt center, discharging I

! into thereflector plenum. Additional propellant is taken from the alternate

M _

108 nozzle tubes and passed radially through the nozzle flange to a manifold

and back to the outsioe of the bolts for cooling the flange. The main _

'| flange seal is outside the attachment bolt circle so each of the bolt holes _,

must also be sealed to prec_ent external leakage at this Joint. _i

During normal engine operation at rated
c

conditions, the nozzle conducts 81.7 ibm/set of hydrogen at 1374 psia and I

55.8°R from the PDL to the reflector plenum with a 124 psi pre_su:e drop !

i and 131°R temperature increase (nominal start of reactor life values), i :

The maximum gas-side wall temperature in the coolant _han_,,, ,.towns :

during steady state operating conditlons is about 1500°R ':',,__ nzzle

throat area is sized to achieve a nominal rated operatin_. "' _,_,_r _-"-.,_are

of 450 psla. Flow through the nozzle is 91.8 ib/sec at a chamber -"es_',ure
,s

and temperature of 450 psia and 4250°R. The throat area, nozzt_ a_,-!r_zzle

extension contour, and expansion ratio -_re such that, in combi:._ ",_,, with the _

Pressure Vessel and Nozzle Extension, the subsystem will produce a nominal

75,000 Ibf thrust and 825 Ibf - set/ibm vacuum specific impul_e per Spec. _

CP-90290C The gas stream pressure at the exit of the nozzle is approxl- _'•
T

• mately 2.2 psia. The net thrust vector must lie alo_ the longldun_l axis _

., of the engine_ and the expanding flow mint not induce undue v_.brations or

i_I oscillations that could cause malfunction or failure of the nozzle or

o_er enSi_ components.

At rated operation, the nozzle transfers an axial
,I

force of about 900,000 ibf from the reactor assembly *.o the pressure vessel. -
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b

_ b. Failure F_des

_ (01) External Leakage From Coolant Stream .#

This failure mode Is _efined as loss _f
4

propellant from the nozzle coolant flow path at a rate above the normal ;_

: operating limit bu_ within a rate that will permit operation of the

! engine in the emergency mode. The loss can be either exterior to the :,

nozzle such as through a crack cr hole in the torus, shell, or flange

coolant T:aaifold or past the nozzle/chamber flange or bolt seals or

into the nozzle such as past the nozzle/reflector seal or thlough an open- ":
A

_ _ in a nozzle coolant tube. a

', (02) External Leakage From Exhaust Gas Stream

The onl> available path for external leakage

_, of the hot exit gas stream from the nozzle is through the seal at the _

,: Joint between the nozzle and the nozzle extension. At all other points, '

_ the exhaust stream is ccntained within a coolant stream at substantially :

higher pressures, effectively preventing Its external lcss. This failure

mode, then, involves the passage of the hot gas past the aft s_,l at a rate
t

grea_er than the normal engine operating l_m/t but within a rate that will
j

permit emergency mode operation and will not produce later_l forces beyond

the vectoring capability of the glmbal system.

_ (03) Total Loss _f Cont_n_nt

This fail'are mode is the loss of propellan_

from either the coolant or hot gas side _ such a rate as to preclude _,
i t

euergency mude operation or that produces lateral forces beyond the glubal

system capability. The most severe instances of th'_ r_._ w_uld involve -.

complete loss of the structural integrity of the nozzle such as spll_._'_Lgof

the shell or disengagement from the pressuu : vessel.

(04) Failure To Sul_T.ort.Nuclear Pu:mctor Assembly v_

This mode means lo_s of the capability _,
of the uozzle to prevent _ovement of the nuclear reacrm-, assembly, either
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rotational or _ranslational, of sufficient magnitude to cause damage to

the reactor or to prevent its proper functioning. Such motion could ,_

result in breaking the propellant lines entering or leaving the reactor,

breaking the internal seals in the _ctor, binding the control drums,

or otherwise damaging the assembly in such a way as to preclude Its ?

continued operation.

N_te: It is assumed Yer this analysis that the failure of a single nozzl_ _ ¢

coolant tube or the failure of a single attachment bolt or bolt coolant

1 passage will not propagate to cause failure of adjacent tu_s or bolts, i

i resulting in total failure of the nozzle. Analyses should be conducted to

assess whether this assumption is valid and to determine the specific

effects and the final failed state of the nozzle following burn through or

rupture of a coolant tube, rupture of a bolt, or other such single part ii "
I

failure. _ .:

i

2 "

i

f

"; 1 2_

( ?'
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4.6.2.2 Nozzle Extension

a. Description and Function

The nozzle extenslo> (Figure 4.6-2) is

a radiation cooled contoured shell attached to the downstream end of the

nozzle. It begins at an expansion ratio of 24:1 and terminates at 100:1.

The internal contour is based on the Rao design criteria. Specification

EC-90196A describes the requirements for the nozzle err_nslon.

The shell is made of flbro_s reinforced

graphite. The main body is constructed by laylng up resin l_rel;nated

graphite cloth on a mandrel. A prevlously prepared honeycomb structure of

the same meterlal is placed around the shell, and the whole extension is

then cured, carbonized, and graphltlzed into a homogeneous structure. Finally,

it is impregnated with pltth and reprocessed to increase the graphite density

of the flnal product. One prosTectlve modification incorporates a three

d/menslonal woven structure of the graphite cloth in the forward few inches

of the shell to alnlmlze posslble delamlnatlon in this transition area.

Rowever, the e_istlng design as of 3une 1971 does not Include this feature.

The extension is attached to the nozzle by

a segmented ring (3 segaents) that bears on a llp at the forward end of the

extension and is in turn bolted (120 bolts) to the aft nozzle flange. A

Grafoll seal between the two components serves both to prevent external leakage

through the Joint and to reduce heat flow frou the extension into the cooled

nozzle flange.

The nozzle extension accepts the engine .,

exheust flow froa the nozzle and peralts its acceleration s_d expansion to

produce thrust. At rated operation, the pressure of the stream entering the

extension is about 2 psla, and it is exhausted at about 0,3 psi. The resultlng

thrust contribution is approx/mately $400 Ibs.

b. Pallure Nodes

(01) ExterMl Leakage

Definition: Loss of propellant past

4-223
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the nozzle/extenslon seal in excess of the normal operating limit or any

loss via cracks, holes, or other openings through the shell body. The

upper limit of this mode is a leak rate that ?roduces a lateral thrust

equal to the vector capability of the engine gimbal.

(02) Loss of Containment

Definition: Loss of propellant past

the nozzle/extenslon seal or through an opening in the shell at a rate that

produces lateral thrust beyond the englne gimbal capability or that reduces

the engine thrust or propellant specific impulse below the minimum acceptable

value.

(
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4.6.2.3 Pressure Vessel and Closure

a. Description a;.dFunction

The Pressure Vessel and Closure

Assembly (Dwg. 1138808) iz essentially a cylinder with an elliptical

forward closure (Figure 4.6-_L Both the cyllnder and closure are made

o£ allum£num al£oy 7075-T73. The details of the cyllnder/nozzle Joint

are shown in Figure 4.6-4. Figures 4.6-5 and 4.6-6 show a radlal

section and a top view of the forward closure. 1"nemain cyllnder is

54.32" ID with a 0.820" wall thickness. The tength bet_een flange

f--,cesis 85.650 in. The closure is attached to the forward end elth a

bolted (120 bolts) fi_nged joint. The primary flange seal is at a larger

diameter than the bolt circle, so each bolt must be individually sealed.

The current design does not include provisions for cooling the forvard

flange and bolts. The closure provides access for inlet of the core

support system coolant and bypass streams, for exit of the main prepellant

stream from the dome, and for its return from the turbine discharge llne

to the core. It also provides mounts for the 18 control drum actuators

and access for passage of each control drum shaft.

The pressure vessel and closure

assembly houses the nuclear reactor assembly and contains the hydrogen

flowing external to the reactor during all periods of propellant flow.

It provide3 for generation of part of the e_Ine thrust and transmits thrust

and Inertial loads between the nozz'e- and the lower thrust structure. The

closure furnishes =echanlcal support for the control drum actuators, the

; turbine Inlet end discharge llnes, the structural support coolant llnes,
!

i and the required instrumentation adaptors.

During normal engine opera'_Ion, the

highest pressure within the vessel occurs at the Inlet to the reflector.

At the start of reactor llfe, this pressure is a nv_nal 1190 psla
I
I (1162-1237 spec. extreme range), and it increases gradually to 1198 pslai

nomlnal at the end of llfe. The temperature of the main propellant stream

in contact with the pressure vessel during full rower operation ranges from

187"R at the reflector inlet to 276"R at the dome exit to the turbine inlet llne.
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All seals to Frevent inter-channel

leakage between the pressure vessel and reactor are considered part of the

reactor assembly. Seals to prevent external leakage through the cylinder/

closure joint are taken as part of the pressure vessel and closure assembly.

Seals external to the pressure vessel such as drum actuator closures,

instrumentation operatures, SSCL and SSBL closures, and TIL and TDL closures

are considered part of the respective hardware.

h. Modes of Failure

(01) External Leakage

Definition: Loss of propellant

external to the pressure vessel and closure at a rate in excess of the normal

operating limit but not large enough to preclude emergency mode operation

or to generate a lateral thrust in excess of the engine gimballing capacity.

The leakage can occur via an external joint seal or through an opening

through the vessel body.

(02) Structural Failure

Definition: Loss of physical

integrity of such severity as to cause loss of propellant et rates that

result in thrust mlsallgnment beyond the engine gimbal capacity or that

preclude emergency mode operation or as to preclude transmission of normal

loads between the nozzle and lower thrust structure.
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4.7 THRUST STRUCTURE AND EXTERNAL SHIELD SUBSYSTEM

4.7.1 Description

4.7.1.1 Function and Requirements

The thrust structure is the primary

engine load carrying member between the forward closure of the pressure

vessel and the main propellant tank. It transmits engine thrust and inertial

loads between the pressure vessel and a structural ring attached to the

tank and must withstand the loads imposed by gimballing. It also provides

structural support for the wiring harness, gimbal actuators, external

shield, and propellant and tank pressurization lines.

The external shield is a sandwich

radiation shield structure that is supported from the thrust structure near

the pressure vessel dome. It attenuates radiation from the nuclear reactor

to malntaJn exposure of the crew and passengers within acceptable levels.

In conjunction with indigenous shielding in the payload, it limits exposure

to a maximum of 3 rem for flight crew members and I0 rem for passengers

during each mission. The shield is removed for unmanned missions.

4.7.1.2 Configuration

The thrust structure consists of two sub-

assemblies. The Lower Thrust Structure (LTS) interfaces with the Pressure

vessel closure and the aft section of the gimbal assembly. The Upper Thrust

Structure interfaces _tn the forward section of the gimbal and the main

pz_pellant tank. Both structures are made of aluminum. _e iTS is a

cylindrical-conical member with gross dimensions about 69" long and 38" diameter,

not including the flange_ and the various mounting brackets and pads attached

to it. The UTS i8 a trussed-beam configuration 17" long with a disaster

increaeir_ from about 30" at the aft face to 58" at the forward face. The

lonsitudiusl axes of both sections lie on the neutral position centerline of

the engine.

The overall dimensions of the external

shield are 99" dtl_tter and 10" Chick. It is mounted on the LT$ with its ,,
act face a few inches forward o_ the attachment plane between the LTS end the

_, ,,
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pressure vessel closure. Its longltudinal axis coincides with the LTS

centerline.

4.7.2 Failure Analysls

4.7.2.1 Lower Thrust Structure

•. Description and Function •

The LTS(Figure 4.7-1) consists of

two primary sections. A cylindrical shell 38" in diameter extends from

the interface with the pressure vessel closure to _he forward face of the

external shield. A conical section extends from that point forward to inter-

face with the glmbal subsystem. This section is approximately 51" long with

diameters of 38" at the base and 30" at the f, ward end. Access holes are

cut through the shell for passage of the TIL, TDL, SSCL, and SSBV and for

installing the central portion of the external shield. Brackets an_ mounts

are provided for the TPA's, the aft end of the gimbal actuators, the external

shleld, and for support of the propellant lines and the instrumentation and

controls and power cables.

The LTS transmits thrust and inertial

loads from the pressure vessel closure to the gimbal assembly and the gimballing

forces from the gimbal actuators to the aft section of the engine. It also

provides structural support for the TPA's, the external shield, several

propellant llnes, and part of the wiring harness.

b. Modes of Failure

(01) Fails to.Transmit Thrust
Along Proper Axis .,

Definition: Loss of physical

integrity of such magnitude as to destroy the capability to carry the normal

thrust and inertial loads or as to cause deformation resulting in thrust i

_,- vector misaligrment beyond the engine gimba! capacity.
!.
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(02) Failure to Support Inter-

face Components
i

Definition: Loss of physical

integrity of support brackets or bearing surfaces or detachment of the

bracket from the LTS resulting in damage to the component helng supported

or to other nearby components. In the case of the gimbal actuator bracket,

this mode includes inabil_ty to transmit the normal actuator loads or

impairs or destroys the engine gimballing capability.

e
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4.7.2.2 Upper Thrust Structure

a. Description and Function

The UTS (Flsure _.Y-2) ts • IY"

Ions •lurer.ram bean structure rich 8tcaclw_t flanae_ on each face •ud a

BeneraUy conical IonS/cud/hal secclon. The dlnu4_ers •r_ 30" and $h"

_*. the arc and forward faces, respectively. NoLmt, aru provided for the

F_rvard end of the S/•hal actuators, the cooldovn line, the tank pressurixo-

_lon Xine, and the vlrLns harness.

The _ transnlts enai_t thrust

and Lnertial load8 frou the SLn_l assembly co ¢ha rain propellant tank

and transuLts the enSlne 8Lsd_llin8 forces frou the 81ub•l actuators to the

vehicle scruccure. It also provides structural support for the individual

components l/send above.

b. Nodes of Failure

(01) Failure to Tranmelt Thrust
Aloa8 Proper _ls

Definition: Sane a8 for LTS
8bore

(02) Failure co Support Interface
i Cauponen_

Definition: Sane 88 for
LTS, ebove

(i
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4.7.2.3 External Shield

a. Description and Function

The External Shield (Figure 4.7-3)

is a composite structure 99 inches in diameter and I0 inches thick and is

mounted on the lower thrust structure (LT$) at Station 69.33 between the

reactor and the rest of the stage. It consists basically of separate layers

of borated graphite, lead, and lithium hydride with a void space near the

forward face to permit future deslgnmodiflcatlons that may be found necessary.

The shleldlng materials are enclosed and supported by a stainless steel

structure consisting of two horizontal plates Joined by concentric cylindrical

and conical sections. The horizontal plates serve both as shielding material

and as structural members. The cyllndrlcal and conical sections serve only as

structural members.

The assembly is divided into two

areas by the lower thrust structure; a circular area inside the thrust structure,

( and a ring shaped area surrounding the thrust structure. The internal section

is supported on cross members of the thrust structure. It is divided into

three segments to permit removal through an opening in the side wall of the

thrust structure. The section outside of the thrust structure is divided into

four quadrants, each of which is individually attached to the thrust structure

and to its adjacent quadrants.

For manned missions, the External

Shield attenuates radiation so as to limit radiation exposure to 3 Rem for

flight crew members and 10 Rein for passengers per mission. For unmanned missions,

the External Shield Assembly is required to be removed to permit greater payload

capability for the vehicle.

: b. Nodes of Failure

(01) Structural Failure

Definition: Any loss of

C physical integrity of the shield structure or mounting brackets that allows a

section of the shield to move to a position outside the normal assembly tolerances

or to disengage from the rest of the assembly.
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4.8 GIMBAL ASSEMBLY SUBSYSTL_M

4.8.1 Descri pti0n

4.8.1.1 Function and Requirements

The primary function of the gimbal

assembly is to provide a means for varying the direction of the engine thrust

vector relative to the vehicle center of gravity to permit directional

control of the vehicle. The subsystem is required to provide gimballing of

the engine in any direction (circula_ pattern) around the null position as

follows:

_a) Angle from null 3.0 deg. minimum

(b) Angular velocity 0.25 °/secminimuB

(c) Angular acceleration, 0.5 */sec2 minimum

It must also transmit the engine thrust and inertial loads between the lower

and upper thrust structures.

4.8.1.2 Configuration

The glmbal assembly subsystem consists of

the glmbal structure that Joins the lower and upper thrust structures and

contains the pivots and bearings to permit the required motion end the glmbal

actuators that provide the forces necessary to perform the gimballing. Two

actuators are located 90* apart to provide motion in the pitch and yaw axes.

Combined operation of the two actuators Is used to furnlshmotlon in the off-

axis directions.

4.8.2 Failure Analysls

4.8.2.1 Gimbal Pivot

a. Descrlptlonand Function i

The gimbal "pivot (Figure 4.8-1) consists

of two pairs of bearings located on orthogonal axes, the connecting cruciform
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yoke, and a set of flexure pivots in each of the bearings. The four

trunnion housings are attached to the thrust structure, one pair to the

LTS and the other to the UTS. The flexure pivot assemblies (Figure 4.8-2)

transmit the bearing loads between each trunnion and its housing through

a set of flexures In tension. Bending of thesp flexures permits gimballing

of the engine with ao s]idlng contact in the bearing under normal loads.

Under extreme loads, the flexures will elastlcally deform far enough to

permit the trunnion to contact the flexure assembly housing and transmit

the exce_s load by direct bearing. In addition, if a flexure should break,

the assembly ell1 function _s a loose conventional bearing, providing

a redundancy for the pivot.

The glmbal sir, ure permits motion

of the portion of the engine aft of the pivot point to a_ter the direction

of the thrust vector within 3 degrees in any direction about the null position.

It must also transmit the engine thrust, inertial, and gimballing loads between

the LTS and UTS.

b, Nodes of Failure

(01) Flexure Blade Failure

Definition: Rupture or

permanent deformation of a flexure blade resulting in its inability to

carry design loads and permitting the Journal to bear directly on the flexure

housing under normal operating loads.

(02) Pivot Bearing Failure

Definition: Alteration of a

surface of a flexure housing through corrosion, contaminations etc. that 1
prevents or restricts relative notion between the trunnion and flexure housing i

or between the flexure housing and the trunnion housing sufficient to preclude !i

the required engine gimballing, i

.-

(
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(03) Structural Failure

I)eflnltlon: Loss of physlcal

integrity or deforNatlon of the yoke or a trunnlon bouslng of sufficient

_&nltude to destroy the capablll_y of carrying the requlred loads or to

preclude the required engine gi_balllng.

|

i ,
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4.8.2.2 Gimbal Actuator

a. Description and Function

The Gimbal Actuator is a pair of

electro-mechanical actuators (Figure 4.8-3) tugether with their co_troller -

amplifiers. The two actuators are located 90° apart to provide thrust _

vector control in the pitch and yaw planes. One end of each actuator

is attached to the LTS and the other end to the UTS. The actuator rod

is driven by a high speed dc motor through a clutch, gear train, and

ball screw. Extend and retract directions are accomplished by reversing

the motor. If the primary drive motor fails, it will be decoupled and a back-

up motor coupled to the gear train by energizing a second clutch. Snubbing

devices are used to cushion the rod travel at the extreme positions. Rod

end bearings on each end of the actuator assembly are protected with steel

bellows. Two completely redundant electrical power and control channels,

including rate generators and linear position transducers are provided. •

Each actuator has a nominal stroke

of + 1.48 inches from the null position (maximum stroke 3.40 in), and them

design linear rate is 0.33 in/set. Yne nominal actuator stall load is

27000 ib, and the deslgn maxlmum static load is 30,000 lb.

b. Hodes of Failure

(01) Fails in Place

Definition: Inability of an

actuator to be moved (either extended or retracted) from. lts prese't position

by the drive motor(s) or by the loads applied to the push rod. The fallure ..

position can be any point within the actuator span.

I

(02) Improper Position or Rate Control :

Definition: Failure of an

actuator to move to or maintain the position required to provide vehicle directional
_t

4-259 ,/
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:!
4

!! control or inability to achieve such position within the time limits

!
required to malntaii_ vehicle control.

(03) Structural Failure

Definition: Loss of

structural integrity or permanent deformation of such magnitude as to

destroy the capability to transmit normal actuator loads or to achieve

i the glmbal positions require_ to maintain vehicle directional control.

4-260
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4.9 REACTOR ASSDtBLY SUBSYSTh-M

4.9.1 Descrip tion

See NSS FMECA, Chapter 2

4.9.2 Failure Analysis

4.9.2.1 Fuel Elements

See NSS FMECA, Chapter 3

4.9.2.2 Cluster Hardware

See NSS FMECA, Chapter 4

4.9.2.3 Core Periphery

See NSS FMECA, Chapter 5

4.9.2.4 Core Support and Plena

See NSS FMECA, Chapter 6

4.9.2.5 Internal Shield

See NSS FMECA, Chapter 7

4.9.2.6 Reflector Assembly

See NSS FNECA, Chapter 8

4.9.2.7 Control Drum Drive Assembly

See NSS FMECA, Chapter 9
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4.10 STRUCTURAL SUPPORT COOLANT ASS_-_BLY

4.10.1 Description

See NSS FMECA, Chapter !0

4.i0.2 Failure Analysis

4.10.2.1 Structural Support Coolant Valve (SSCV)

See NSS FMECA, Chapter i0

4.10.2.2 Structural Support Blocking Valve (SSBV)

See NSS FMECA, Chapter I0

4.10.2.3 Structural Support Coolant Lines

See NSS FMECA, Chapter i0
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ABSTRACT

This report summarizes the work performed by ANSC and WANL

in the initial identification of trend characteristics of the NERVA

: engine. It contains a description of the identification procedure and

the relationship of trend data monitoring to other diagnostic functions.

An initial identification of possible trend monitoring methods is also

included, together with recommendations for further analytical work

relative to selecting trend characteristic measurement methods and

techniques.
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1.0 INTRODUCTION

This volume contains a summary of the wear and deterioration

trend characteristics that have been identified for the 400E _RVA engine.

Although detalled failure mgde analyse_ have not been completed for all

components of this engine, sufficient historical information was available

to provide a basis for establishing a comprehensive list cf potential

trend characteristics that can form the basis for further _;tudyand analysis.

While thi_ list of identified trend characteristics is necessarily

; tentative, the significant progress made in analyzing trend mechanisms _nd

their interrelationships with other non-wear and deterioration mechanisms

has lead to a better understanding of degrad=tion failure modes and tc the

steps that can be taken within the framework of a trend data monitoring

program to eliminate them or control their effects.

In addition to identifying trend characteristics, considerable progress

was made in determining what possible monitoring techniques exist that could

be applied or adapted to measure the progression of wear and deterioration in

a flight enz'ne, _hould it be deemed necessary to do so. In general, it was

found that many of the trends could be monitored by available instrumentation,

but that there were some that could only be sensed by laboratory type de,ices

whose applicability to the NERVA flight engine environment is indeterminate

at this time.

, In the process of associating possible monitoring techniques with the

identified trend mechanisms, it has become appa=ent that the Interrelationship

of trend monitoring to the engine controls, malfunctlon detection and pre-use

checkout functions should have a significant role in determining Lhe optimum
]

type and quantity of instrumentation to be employed in a flight engine design.

One of the positive products of this work is a recommendation as to the kind ]

of factors that must bt. considered in determining the methods by which trends i

and other phenomena will be munitored or sensed.

Another significant accomplishment was the development of the

( concept that flight trend monitoring might be most effectlvely used in

preventing Category IV failures, (for which no eontlngency action is

feaslble) by predicting the need for correctxve maintenance before a

critical tim is reached.

1-1
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To present these findings in the most comprehensive manner, this

volume is divided into three _ections_ (1) a brief discussion of how

the identification procedure was developed, (2) a subsystem by subsystem

d_scusslon of the identified trend characteristics and possible n_nltcrlng

methods and (3) a cross tabulation of characteristics, monitoring methods,

and pertinent measurements identified in the Measurement Requirements List

(Data Item CI03) published in Feburary 1971.

1-2 i ,
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2.0 TRE,krDCILERACTERISTIC IDEntIFICATION PROCEDURE

2.1 IDENTIFICATION OF DIAGNOSTIC FU_;CTIONS

To accomplish the task of identifying trend characteristics,

it was first necessary to distinguish the trend monitoring function from the

various overlapping functions using diagnostic instru_eutation on spacecraft

and aircraft that have previously been identified bY various names. A study

was conducted _l_ch concluded that the functions using instrumentation should

b_ categorized separately as follows:

(a) Control. _his function uses instruments for the primary

purpose of controlling the vehicles subsystems. Control can be open or

closed loop and may or may not involve man in the loop. Operation of al___l

vehicle subsystems is covered including power plant, structure, environmental

controls, communication, etc.

(b) Checkout and Verification, are closely related functions

that utilize instruments prior to a systems operation to assure its readiness

to operate in a safe and reliable manner. Checkout usually r_fers to action

occurring prior to first use or following major maintenance. Verification

refers to action following successful prior checkout _peratlonal

usage to assure that a system is ready to operate or _, Inue operating

In a safe and tellable manner.

(c) Trend Monitoring is the function of monitoring the

progress of wear and deterioration for the purpose of antlclpatILg or

predicting the need for corrective maintenance, or fo: alterlng the plmmed

operation to reduce the risk of fai!ure. Trend monltori_; can be inter-

Littent or continuous during operation or can be based on observing the

pattern of degradation from checkout to checkout. :

(d) Halfunctlon Detection is the function of deterLinlng

.. thor a failure mode has progressed to a predetermined point at vhlch[

! contingency action should be initiated.

r
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(e) Fault Isolation is the function of tracking doom to

the component or lower level the source of some manifestation of unsatis-

factory, performance detected at _=,,e sys[em or subsystem ievei. Typically,

the unsatisfactory performance is _anifested as a result of operation, check-

out/verification, trend monitoring, or malfunction detection and it is

desired to determine more precisely the cause or causes so that corrective

maintenance or other appropriate action can be implemented.

2.2 RELATIONSHIP OF TREND DATA MONITORING TO OTHER DIAGNOSTIC

FUNCTIONS

As indicated in the foregoing categorization of diagnostic

functions, trend data monitoring is restricted to following the progress of

parameters related to wear and deterioration. Reference should be made to

Data Items S102 and $103 for information pertaining to engine control and

malfunction detection instrumentation.

To aid in undermtanding the interrelationships of diagnostic

6 functions; a brief history of their evolution as pertains _o aircraft and

spacecraft has been included in Appendix A of this volume.
r

2.3 PROCEDURE FOLLOkrED IN IDENTIFYING TRL\_

CHARACTERISTICS AND HONITORING METHODS

Based upon the concepts discussed in the previous _ection,

the following p:_cedure was evolved and followed for the purposes of

identifying the trend characteristics and associated monitoring methods
!

for the NERVA engine:

° (a) Available failure mode analyses (FMA), failure modes

and fects analys,es (FMECA's), contingency analysis, drawings, and

sp_._flcations are reviewed to determine characteristics involving one or

more of the followingmnifestations:

( (1) Surface physical wear due to sliding or rolling
contact.

2-2 J'_. -_
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(2) Surface or internal deterJoration due to heat,

radiation, etc.

' (3) Electronic property deter_cratlcn due to heat,

radiation, etc.

(4) Surface corrosion due to contact with fluids,

gasses, lubricants.

(5) Mechanical property degradation due to fatigue,

creep, etc.

(b) Gradual, relatively long term trend mechanisms involving

wear or deterioration that can result in component degradation or failure are

given primary consideration when identifying trend characteristics. Relatively

fast, short term trends that would progress from the initial detectable onset

tnrough to failure during a period of a few seconds are considered to be within

the provence of the malfunction detection system.

(c) Neither the probability of occurrence nor the engine effect

category are considered in the preliminary identification of trend characteristics

presented in this report. Such factors, along with weight, commonallty,and

reliability of monitoring devices would be proper factors for consideration

in a subsequent evaluation to determine the optimum engine instrumentation

requirements.

(d) Possible_onitoringmethods are to Oe identified

for each parameter. Preferably these should be feasible during flight

operations, should be capable of detecting a deterioration as early as

possible, and should yleld a signal proportional to the degree of t:end

i progression.

C

t .,')_
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3.0 DISCUSSION OF IDENTIFIED TREXD CHARACTERISTICS

AND POSSIBLE MONITORING ._IETHODS

3.1 TURBOPUMP ASSE_.rBLY

3.1.1 Introduction

The TPA, because of its high--speedclose-clearance

rotating components, is a prime candidate for wear and deterioration parameter

monitoring. The principal trend phenomena that might be expected are

surface wear (in the bearings, labyrinth seals, and balance piston lands),

coolant filter clogging, and creep and fatigue in the turbine blades. Other

potential degradation trend manifestations include external leakage at

inlet and outlet flanges of coolant-supply lines.

3.]..2 Bearing Wear

Present plans call for the monitoring of bearing

coolant temperature entering and leaving both sets of bearings as the primary

. means of detecting bearing wear, backed up by axial and radial shaft displace-

ment measurements. Also under consideration is the shock pulse method

which records both the frequency and magnitude of ultrasonically trans-

mitted shock impulse. Shock pulse is reputed to be able to detect bearing

wear far in advance of any other method; however, its capability to do so

with a cryogenic coolant has not been fully evaluated. Bearing temperature

i monitoring has the advantage of also supplying data on pump chilldown, but

previous test experience indicates temperature rise warning of bearing failure

is sometimes only of the order of minutes, and there are some types of bearing

failures that conceivably would not be preceded by such rises. Similar experience

has occurred with shaft displacement monitoring.
T

3.1.3 Labyrinth Seal Wear

Wear of any of the ten labyrinth seals as a result

of rotor or housing displacement could be monitored indirectly by radial
4'

m

3-1

~

1975071575-460



and axial displacement measurement which should be capable of detecting move-

ment that could lead to wear. Should post test inspection during the

development test progra= indicate seal wear occurred that was not detected

by displacement indicators, consideration can be given to measurement of

differential pressures of coolant flow through each labyrinth. Although

additional parameters such as turbine speed and inlet and outlet pressures of

turbine and pump might also have to be simultaneously evaluated to detect

true labyrinth AP degradation, an advantage results tn that a measure of TPA

efficiency would be derived.

3.1.4 Balance Piston Land Weaz

As with labyrinth seals, wear of the balance piston

lands would bm detectable by a combination of axinl displacement, balance

cavity pressure, pump discharge pressure, and RPM.

3.1.5 Blade Creep and Fatigue

Although detection of these trends has been

accomplished by strain gages and test stand mounted infrared scanners, the

mounting of such equipment within the TPA does not appear feasible for

operational usage at this time.

3.1.6 External Leakage

The existence of external leakage of liquid or

gaseous hydrogen through external Joints can be detected in several ways.

Ultrasonics or resistance temperature transducers have the potential to

detect external leakage; however, their capability to quantify leakage rate

is unknown. On the other hand, external leakage rates on NRX/EST were

quantified by collecting the leakage in a ranlfold and monitoring the

pressure rise and temperature of the gas flowing into a ventable accumulator.

A more practical system for real time monitoring would require development

of amethod for measuring gas leakage rate on a continuous basis. Since

there are a number of external Joints on the TPA, the best solutlon might(
Involve manifolds or collectlng ducts for each Joint that would flow the

3-2 _i ,"

1975071575-4G1



leakage gas past a common flow meter. This would yield the total leakage

rate for the module and, if more specific fault isolation were required,

resistance temperature transducer_ could be added at each joint to ideatify

the source,if not the magnitude,of the leak.

3.1.7 Rotor Dynamic Balance Degradation

Excluding the effects or bearing wear, the slow

degradation of rotor dynamic balance due to such causes as material creep

or distortion of shaft or housing components does net appear likely. Such

slow buildup might be detectable by shaft displacement measurements; however,

they would tend to be obscured by transitory displacements resulting from

changes in fluid dynamics or forces acting on the housing external to the TPA.

Similarly, balance degradation induced by turbineblade loss would be sudden

in nature and would not come under the function of trend monitoring.

Experience with the u_e of accelerometers on TPA's

and other rotating equipment indicates that they are too sensitive to the

numerous sources Jf vibration change to be used for monitoring a gradual low

level trend.

3.1.8 Pump Cavit ition

Pump cavitation is the result of attempting to

operate a pump when inlet conditions are marginal. Nhile this phenomena

can result in pump blade errosion or pitting with some fluids, such

deterioration effec!:s are not expected to result with liquid hydrogen

due to its low density. If cavitation does occur, it is more likely

to result in unbalanced loads on the pump bearings which could produce

bearing wear symptoms that could be detected by the previously discussed

technlques.

3.1.9 Coolant Supply Filter Clogging

Clogglng of bearing coolant supply filters could

buildup to the point where bearing overheating would result. This is

3-3 _
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not considered likely, hut if it should occur, the effects would be detected

by an increase in the pressure drop across the fi]ter.

3.1.10 Turbine Blade/Flow Passage Distortion

The possibility exists that cumulative thermal

: distortion of turbine blades and components affecting the direction of

flow passage could result in gradual TPA performance degradation. Such a

trend would be manifested in a loss in TPA efficiency and would require

measurement of pump and turbine input and output pressure and temperature
F

conditions, plus TPA speed, to detect.

I

3.2 VALVES AND GIMBAL ACTUATORS

3.2.1 Introduction

The failu._ mechanisms of these components that

are associated with relatively gradual wear and deterioration principally
{

involve the electrical motor, the valve seatE and sealing surface, surface

contact elements of the actuating mechanisms, and the detection instrumentation
) itself. Actuator motor circuit degradation is possible both in terms of

insulation degradation and deterioration of the various controller electronic

elements in the radiating environment. Motor bearing wear is possible if

lubrication degradation occurs. Surface-to-surface wear in the gear trains

and between moving actuator components and valve housings can occur. Another

prime consideration for any valve is seat wear. At the present time it is

i planned to monitor the progression of such wear _,nddeterioration by a eombina-

tlon of actuator circuit chazacteristlcs and valve response characteristics

{position vs time). To eliminate the masking effects of system pressure

variability, it is anticipated that primary trend measurements will b_ obtained

during the prestart checkout actuation before every firing. It should be

noted that degradation _n response characteristics could be a result of

problems within either motor circuit, the actuator drive train, or the

valve itself. However, since there appears to be no compelling reasons

why more specific fault isolation capability is required for flight
'" operations, it should not be necessary to provld_ trend detection capability

to lower levels within the replacement modules.

3-4
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3.2.2 Internal Lea'_a_e

One of the valve trend mechanisms for which

monitoring techniques are still being evaluated is internal leakage. At

the present time, the possible methods of instrumented leak detectien

include externally mounted ultrasonic sensors and internally mounted resistance

temperature transducers. The determination of whether either would be capable

of quantitative]y assessing the buildup of low leakage rates of gaseous or

; liquid hydrogen will require further investigation.

3.2.3 Position Indicator DeBradation

The current design policy for all valves except

thost in the purge system is to have three position indicators each directly

reading the amount of valve opening, i_ile this policy most directly benefits

the malfunction detection function, since it enables assessment of the degree

of intermediate failure, it has two advantages for trend data monitoring. The

first is that by comparing the three readings among themselves, the degradation

of one of the three positlon indicators could be detected (if more than one

indicator weuld start to degrade, interpretation would be difficult). The

second advantage is that continuous position indicators, as opposed to limit

sensing devices, permit calculation of position vs time response characteristic

parameters. Used in conjunction with motor circuit characteriF' ic data, this

information has the potential to detect degradation in performance at an early

point in time.

3.2. _ External Leakage

The question c_ external leakage monitoring is

currently under evaluation. Assuming such monitoring would be confined to

areas of housing seals and line/housing Joints, it is possible that some

• sort of resistance temperature wire with or without a collecting duct or

manifold could be devised that could sense the onset of such leakage., Whether

such a detection system could quantitatively assess leakage rates is question-

able. Another possibility is designing each Joint with a double seal with a

3-5
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leak collection cavity between them. Monitoring of the buildup of pressure

in thi_ cavity could provide an _n_Jcator of inner sea] degradation. A third

possibility would involve a system of collecting ducts or manifolds that

would assemble all of the leakage from all the external joints in a given

replacement module. A flow meter could be incorporated that would monitor

total module external leakage.

3.2.5 Gimba] Actdators

The gimbal actuators, like the valve actuators, will

have three continuous position indicators that can be used to assess response

rate and indicator degradation. Motor current could also be measured.

Additional trend data parameters under consideration are housing pressure,

actuation rate, and shaft load. Housing pressure could be monitored to detect

early leakage of pressurant which might ]cad to mechanical bindup in certain

designs. Actuation rate, which may be required for control purposes, could

also be of value in incipient trend detection. Shaft load, measured as strain,
(

could help distinguish between mechanical and electricl d_=gradation trends.

3.3 NOZZLE ASSEMBLY

3.3.1 Introduction

Unlike valves and the TPA which have moving component

parts, the nozzle should be free of trend characteristics involving physical

surface wear. Some degradation trend possibilities do exist, however, as a

result of such originating mechanisms as coolant borne contamiantion and hot gas

erosion. Structural degradation is also conceivable as a result of fatigue

induced by vibration, thermal cycling, and pressure cycling. The monitoring

of the progression of such failure modes is difficult, and is complicated
i

by the trade off between detection accuracy, freedom from false alarms, and

completeness of coverage. The results of analysis to date have indicated

• that reasonably effective coverage of most trends is possible; however, some

additional instrumentation develop,,_ent will probably be req'ired.(

,!
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3.3.2 Contamination/Tube B1ockafae

The blockage of coolant tubes by contamination

from other sources such as valve seat wear, internal surface spslling of lines

from meteorite impact, et:c. is a potentia_ failure _,,vde. Depending upon the

location of the blockage and the number of tubes affected, the loss o_ coo]ant

f,ow could have a va=iety of effects ranging from aone to nozzle jacket melt-

through apd ejection. Under consider-tlon to detect such fffects i_ the use

of circumferential twin wire temperature sensir,g cable mounted externally

in both converging and diverting sections. Although such devices can only

detect the maximum temperature being experienced at some poin_ on _he exterior

circumference and not the extent or location, it appears to be the most

reliable means available for detecting impending melt-through or overheating

of the jacket exterior surface. An alternative technique which would detect

the effect" _" tube blockage (followed by melt-through) is the mounting of

detector ,_, orus to detect plume temperature changes or irregularities.

3.3.3 Hot Gas Erosion of Nozzle Tubes

The erosion of the inner surface of the nozzle particularly

in the barrel an( convergent sections, by hot exhaust gas is a possible long

term deterioration trend• The effects of such erosion could be internal leakage

into the nozzle, and possibly loss of coolant to a portion of the eroded tube.

Coolant loss to a significant number of adjacent tubes would be detectable by

i surface exterior temperature abnormality. Depending on the rate of internal

coolant leakage, the resultlng reduced flow through the reflector might be

detectable by a combination of pressure and temperature measurements at the

nozzle inlet torus, the reflector inlet, and by a.. increase in reflector

material temperature. Further detailed analysis is required to determine

the reliability and sensitivity of such a monitoring technique.

• 3.3.4 Tube Wall Thermal Buckling

' Tube wall buckling, induced by thermal cycle
"4

fatigue in the barrel section, could result in the .leakage of coo!ant lnto

,d ,
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the core exit plenum. In addition to resultin_ in loss of ref]ector

cooling capability, this leakage might also lead to a temperature drop in

the core exit plen_n and result in loss of specific impulce. This temper-

ature drop is potential]y detectable by a combination of core exit plenum

temperature and SSCV position. 7urther analysis of controls logic is required

to validate this monitoring mcthod.

3.3.5 Vibration Fatigue and Pres,,ure Cycle Deformation

The cracking of the nozzle jacket or coolant tubes

as a result of "tbration fatigue or pressurization cycle ef£ects is a

possible daterior tion node that is difficult to detect at the early stages.

Some con_Jteration t¢ being given at present to the mounting of accelerometers

: on the nczz!e flanges to estimate cumulative fatigue damage. The detection

accuracy and fe!sealarm rate of such a monitoring method have yet to be

evaluated.

3.3,6 External I ea_age Through Nozzle Joint

Progress3ve external hot gas leakage through the

nozzle/extension joint is potentially detectable by the use of circumferential

twln wlre temperature sensing cable mounted externally over the probable

leakage path.

3.3.7 Hot Gas Corrosion of Nozzle Extension

Intermctio_ of hot GH2 with carbon of the nozzle

skirt is not expected to occur at a significant rate. The detection of

excessive corrosion, if it were to occur, is complicated by an environment

extramely inhospitable to instrumentation. Temperatures on the exterior

surface ranging from 2850°R at the Joint to 2050=R at the exit plane require

that most conventional instrumentation mo,mted there must also be liquid cooled.

Thu3 evon if some type of ultrasouic thickness gage could be developed that

could operate in the radiation environment, several problems in mounting ani

pro=ectlon would have to be overcome. An alternative concept of using Infra-

red emission sensors to detect uneven heat radiation patterns on the nozzle

;e- 3-,0

1975071575-467



extension exterior surface is complicated by problems of radiation hardening

and "_ ...... T_e uze _¢ t,,_, ,.,_To metal sheathed temverature sens-sl_,,_1 discrLmlnation ................ .

ing cable might also be feasible if it could withstand the temperature environ-

ment.

3.4 PRESSURE VESSEL AXeDCLOSL_E

3.4.] Introluction

As with the nozzle, the trend characteristics of

the pressure vessel are essentially those of the non-wear type of degradation.

Most prominent mechanisms are those involving fatigue due to vibration and

pressure cycling. Cumulative creep effects on the pressure vessel wall due

to heating from nuclear radiation must also be considered should the cooling

capability be reduced for 8ny reason. Leakage through joints between the

pressure vessel and the closure and nozzle and between the closure and drum

actuator housings and the inlet and outlet lines is also a potential trend

characteristic.

3.4.2 Fatigue Due to Vibration

i Metal fatigue due to effects of vibration, pressure

and thermal cycling is a potential deterioration mechanism. Three monitoring

met Is are conceptually applicable, however, all present difficulties in

mounting or in signal analysis. The st'rain gage type of cumulative fatigue

; damage sensor has intuitive appeal; however, problems with bovdJng degtadation

in the radiation environment coupled with the historical reliability problems

of strain gages in general would have to be overcome. Stress wave accoustlcal

techniques have been suggested which monitor crack growth by recording both

frequency and amplitude of microcrack propagation. They hav_ also been

reported to be capable of detecting progresoive embrlttlement due to radiation

damage, working o, Joints, and leakage of fluid. A prime factor tending to

llmlt the rellability of this detection technique is the presence of obscuring

background noise that must be filtered out. Anot._;r candidate for evaluatlon

is the monitoring of emmlted ultrasonlc signals for microcrack at_.enuaticn.

Tests on fatigue specimens have shown that as cyclical fatigue damage builds

'I t
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up, the ultrasonic signal between transmitter and receiver is attenuated.

However, problems in coverage, mounting techniques, and discontinuity sensi-

tivity would have to be resolved.

3.4 External Leakage Through Joints

The external joint leakage through the pressure

vessel/forward closure joint, the CDDA joints, and the deme/line Joints are

primarily cold gas/high pressure problems. Candidate detection techniques

would use collector ducts or cavities circ_aferentia] with resistance tempera-

ture transducers sensing the leakage of GH2 by bolts and seals. Quantitative

leakage rate assessment would require a flow meter mounted in common collection

manifold.

2.4.4 Creep/Distortion

If distortion from vuccessive pressurization cycles

is considered a possibility, its effect could be measured by ftrain ga3es

{ directly implanted in the bolts or on the adjacent joii:ts. Similarly, the

creep of the pressure vessel wall resulting from nuclear radiation heating

in conjunction with reduced coolant capability could be Reasured by strain gages

in conjunction with reflector coolant and pressure vessel external wall

temperature.

3.5 EXTERNAL SHIELD

3.5.1 Introduction

The principal function of the external shield is to

protect the crew asalnst ._xceeslve radiation. As no moving parts or

flu,de are Involved, th± primary types of deterloratlon that might b_

expected would fall into the mecalurglcal/chemlcal category. Two possible

approaches to monitoring such trends exist. These are cause-envlronment

monitoring of temperature and vibration environment to detect if design

conditions are exceeded and end-effect monitoring of loss of radlatlon

( attenuation capability. At the present time, end effect monitoring appears

more reliable if mounting tocat_on problems can be overcome.

3-10
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3.5.2 Attenuation De_ra_;:t_en

Degradation of radiation attenuating capabillty

of the shield could occur as a result of cracks in the lithium hydride or

borated graphite caused by vibration or thermal cycling. In a_dition, excessive

temperature could cause lead melting or out gassing of i_thium hydride to the

extent that attenuation capability is reduced. Provided that mcunting problems

can be resolved, it would appear that sensors capable of detecting the trans-

mission cf gamma, fast neutron, an_ therma[ neutron radiation through the

shield would be the most direct and effective means of detecting shield degrada-

tlon regardless of the cause. Since the current engine _ayout leaves little

space directly above the shield, it may be necessary to mount such detectors

•oL_ard of the g_mbal plane where the signal will be complicated by scatter

from the intervening components. If the primary purpose is to provide arew

(and not engine component) protection, this more remote location may be

fully acceptable.

The alternative approach to shield degradation monitor-

ing would employ a combination of temperature and vibration sensors. Since

thesewould be monitoring damage potential at+d not effect magnitude, they would

provide a less reliable means of trend monitoring.

3.6 LINES (INCI.L_)INGJOINTS, BELLOWS, ETC.)

3.6.1 Introduction

Deterioration trends of the lines are sINilar to the

pressure vessel In that they pr/msrily Involve fatigue and leakage

mechanisms. Fatigue dmnase can occur at various locatlons in the lines

and bellows as well _8 at the Joints, flttlnSs, and attachment brackets.

External leakage potential exists at the many Joints between module inter-

faces.

3.6.2 Vibration, Tenpe+rat_re, Pressure__and ACt_dtiOn

.Cycle Fatigue

The mo_t practical approach could be to mount

3-11 i.
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, .. _-,...... " r; A, fatigue damage sensors at those locations deemed most susceptible

, _ _. 1:._iation. Foil gages wc,,id appear to be more su_ta_.ie than either

i passive o_ _tive ultrasonic techniques. These gages, whick are bonded

directly to the surface, will indicate increased resistance as the material

! is _jee_._ • .epeated cyclical loading. A departure frog a linear resistance

vs log cycle re ,tionship is a warning of increased likelihood of fatigue

cracking; however, remaining cycles to failure is not always defined, unless

previous tests to failure have been run with similarly mounted devices

implanted. Primary candidates for mounting locations would include the

bellows on the pump inlet lines and the coolant supply line at the gimbal plane

since these see actuation cycles in addition to the vibration, temperature,

and pressurization cycles that are r,resent in the rest of the lines and bellows,

A limitation of these gages is that, histoclcally, many fatigue crack induced

failures have initiated at site_ of machining or fabrication discontinuities

rathe_ than at the location of maximum stress concentration predicted by the

stress analysis.

" ( 3.6.3 External Leakage

The same concept discussed under the TPA would apply

to pipe Joint lea_ge. The collection of leakage from all joints in a given

module wlth ducting that would lead to a central flow meter for the module

would appesz uost feasible.

t

3.7 THRUST STRUCTUREAND GINBAL PIVOTS
i

3.7.1 introduction

Compared to other engine components, the thrust

s_ructure would appear to have an insignificant susceptlb_llty to wear

and deterioration trends. The only exception is the gimbal pivot which could

be sensitive _o cycllcal fatigue.

3.7.2 Gimbal Flexure Pivots

These devices, which transait rotational loads

without introducln$ surface-to-surface contact, ellalnate a potentlal source
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of wear by their design. However, fatigue damage i_ a possibility and

monitoring of this phenomena should be cens_dcrcd. Pot_itiai monitoring

methods include measuring of increased resistance in a bonded foil gage and

attenuation of an ultrasonic signal between a suitably mounted emitter and

receiver.

3.8 NUCLEAR SUBSYSTEM

3.8.1 introduction

The primary trend characteristic of concern in the

nuclear subsystem is, of course, the degradation of the core due to corrosion and

related effects; however, there are other potentia] deterioration type failure

modes that may warrant monitoring for possible trends. Some of these involve

the buildup of blockage in coolant channels due to coolant borne contamination.

Others involv increasing leakage of coolant or hot gas due to gradual seal

failure. Other potential failure modes include those involvln _ time-dependent

mechanisms of thermal creep, pressure and thermal cycling, and insulation

degradation. Other trend mechanisms, such as those involving the control drum

actuator_ and the structurnl support coolant assembly, are very similar to

those discussed previously under valves and gilubal actuators.

3.8.2 Matrix of Interrelation_htvs

Because the components of the nuclear subsystem

are more closely interrelated physlcally, as well as functlonally, than many

c_ber NERVA engine subsystems, a good opportunity exists to utilize multiple

parameter techniques to identify sources to deterioration trenls. Table 3-1

depicts how the principal NSS trend characteristics would be detected by

the instrumentatad trend parameters. As can be seen, some characteristics

would require more than one Instrumented parameter to verify tbat an

unplanned trend was occurring. Similarly, the same Instrumented partier
s

could be involved in the detection of several distinctly different trend

characteristics. For example, diffusion of carbon through the fuel element

I coae_ng would be detectable by a cemblnatlon of SSCVvalve position, control

dr xm actuator position, core temperature, and core exit gas temperature.

Conversely, control drum actuator position would also be utilized to detect
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and measure such trend characteristics as binding and distortion of the control

drums and actuators. The detection of most of the trend characteristics of

the mJclear subsystem will require, in addition to monitoring a combination

of parameters, a certain amount of analysis and comparison with reference

or base data. For example, the detection or buildup of flow channel blockage

by contamination requizes that the computer be able to compare current data

_. h historical data for the similar general engine conditions of propellant

flow rate, chamber temperature, etc. in addition to monitoring core inlet plenum

temperature core axial AP and support plate temperature.

J

I _trJx type detection techniques similar to this

i that are proposed the nuclear subsystem have been used to control
for chemical

processes and to detect and plot aircraft jet engine deterioration. They have

the advantage of increased discrimination between failure modes for the same

or reduced number of instrumented parameters. IIowever, their most successful;

i applications have been in well characterized and understood systems where

significant amounts of prior experience and data were available to enable develop-

ment of unique characterization patterns. Presumably such information could be

developed for a NERVA flight engine application.

r

"i

t One of the advantages of the matrix detection system

shown is that much of the information needed is either required for control

purposes or can be considered feasible in terms of the current state of the art.

There are several parameters, however, whose method is still to be determined

or verified. These include the measurement of excessive internal and external

! leakage flow rates of the SSCV and SSBV and detection of actual drum position

as opposed to actuator position.

Possible detection techniques for external

and internal valve leakage are covered under the section on valves and

The detection of drum from actuatorgtmbal actuators. position, apart

poeitiont is only required if $t is necessary to distinguish between

failures involving drum movement as opposed to actuator movement. Such

j a distinction might be of benefit in determining the proper contingency
action to take; however, further analysis is required to validate the

necessity of such a measurement.

1
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Several types of deterioration failure modes of the I&C

subsystem wou]d appear to warrant monitoring. One type, common to many I&C

components, involves failure modes that result in increased current con-

sumption or reduced bus voltages. Gradual changes in such parameters are

indicative of several potential failure mechanisms and could be monitored

without too much difficulty. Similar drifts in some instrumentation

devices could also be used to detect impending tran _ucer failure. Another

type of trend that could profitably be monitored is frequency of disagree-

ment of voter outputs. Since triple modular redundancy with majority

voting will probably be used for a portion of the I&C circuits, the

incidence of 2 out of 3 voting (as opposed to 3 out of 3) could be used

to obtain a good overall measure of the health of a large number of

redundant circuit elements. Such disagreement detectors were incorporated

in the Saturn I/V instrumentation unit and proved useful in assessing

• _ flight readiness. Since triple modular redundancy with majority voting

has the effect of concealing failure of redundant circuits, the extent of

loss of redundancy would be a useful parameter to know and could probably

be monitored without adding significantly to circuit complexity.

(
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TABULARSUMMATIONOF CHARACTERISTICSAND
MONITORINGMETHODS
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• 4.0 TABULAR SUMMATION OF CIIAPJ_CTER]STICS AND .MONITORING HETIIODS

4 Table 4-1 presents a summation, by majo_ subsystem grouping, of

the _dentified trend charrcteristics and the possible monitoring method

i or methods that could be dsed. Also shown is the degree to which the

< February 1971 Flight Operational Measurement Requirements List (MRL) shown

7 in Data Item CI03 contains instrumentation capable of providing at least

minimal coverage of the identified trend characteristics. The MRL channel

numbers referenced are also shown.

1
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5 0 }_ISC!:SS!ONn_ vrc,,,_'eOv _"............... E ;C:ALYSIS

5.1 GENERAL OBSERVATIONS

The results of the analysis presented in Sections 3 and 4

indicate that potential trend characteristics are present in all engine

components and that methods fct monitoring them during flight operation vary

slgnlflcant]y in co_plexlty and reliability. For example, trends such

as those reflected in degradation of valve response characteristics can be

monitored with little or no addition instrumentation required beyond that

needed to cortrol the engine. On the other hand, the development of monitoring

techniques for other trends such as hot gas corrosion of the nozzle extension

might Inv-lvelnstrumentatlon development programs as extensive as _ome of

the NEK_A components themselves.

It is also apparent that the probability of the trend

mechanisms identified occurring varies markedly and since this prcbabillty

will nGt be confirmed with any certainty until further analysis and/or

development and qualification testing is completed. It is dtfficult to

establish which trends should be monitored in flight on the basis of present

pro_.abillty estimates alone. It shvuld be noted that a pri,._arypurpose

of the development program is to eliminate or control wear and deteriorating

trend mechanisms to the point where the expected frequency of occurrence

is so negllglble the potenti_l progression of these mechanisms need not be

monitored.
]

5.2 USE OF TKENDMONITORING TO PREDICT CATEGORY IV FAILURES

On the other hand, !t was observed that the end effect of

the various trend progressions on the engine varies drastically, and while 4

it might be difficult to Justify monitoring a trend on a valve that _s not

• a single failur'e point, it might be highly desirable to be able to monitor :

the progression of a trend on the nozzle, pressure vessel, or reactor

that could result in a Category IV failure, regardless of how unlikely

analysiq and testing indicated such a progrebsion would be. Indeed, it. ..

would appear that trend instrumentation that would prevent starting off on

a mission that could terminate in a Category IV failure should be discussed,

$-I ,.
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Justified, and traded off just as if it were a redundant component being

considered, since its net effect on mission safety could be substantially

the same as a piece of redundant hardware

5.3 NEED FOR INTREGATED DIAGNOSTICS ANALYSIS

Both the analysis and the study of related diagnostic

functions in other vehicles point out quite clearly that instrumentation

for the trend monitoring function should not be considered solely by itself,

but should be identified, analyzed, and justified as part of an integrated

program also concerned with the related functions of engine operation, ma]-

function detection, checkout, verification and fault isolation. While it

is probable that certain measurements might only be required for trend

monitoring because of the need for early or precise detection of the

initiation or progression of a critical trend mechanism, it is also likely

that many trend monitoring requirements can be satisfied with the same

instrumentation adequate for other functions. However, unless all diagnostic

functional requirements are defined to the same degree and studied jointly,

it wJ_ll be difficult to determine the optimum system and assure that pr2or

information is available for definitive C _nd I subsystem design.
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6. i CCNCLUSIONS

(a) Potential trend characteristics can be identtf__ed in all

NERVA engine subsystems.

(b) Techniques for monitoring their progression vary greatly

in feasibility, complexity, and reliability.

6.2 RECO_._IE_ATIONS

(a) Further work in identifying trend characteristics and selecting

monitoring techniques should be undertaken aE, part of an integrated diagnostics

program that simultaneously conMders _he requirements for engine contrels,

trend monitoring, malfunction detection, checkout/verification, and fault

isolation.

(b) SeJ.ect_on of optimum rl/ghL trend in_;trumentation should be

undertaken as a aesign study considering the following facterv:

(1) Weight and cost

(2) Signal processing complexity

(3) Reliability of measurement me_hod

(4) Protection provided in terms of fa$]ure modes

deteetabla, their probability of occurrence and

the consequence of failure to detect

(5) Degree of multiple use for engine operation and the

various diagnostic functions
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APPENDIX A

A HISTORICAL EVOLUTION OF DIAGNOSTIC FUNCTIONS

A.I INTRODUCTION

J

To better understand the function of the trend monitoring and to

develop optimum parameter selection procedures, a study of its historical

; growth pattern in relation to other diagnostic functions was performed. This

growth pattern which is summarized in Table A-I and A-2 was observed to

follow a pattern of increasing scope and complexity.

A.I.I Checkout Verification and Fault Isolation

Checkout, verification and fault isolation of aircraft

systems initially consisted of using ground test equipment to supplement

cockpit instrument readings. Additional built-in-test-equipment (BITE) was

added to supplememt and speed up use of ground test equipment on such craft

as the DC-9. The latest generation aircraft (DC-IO, 747) provide capability

for direct status verification of many of the sub:_ystems. The DC-IO, for

example has 45 BITE _nstrumentation channels wired direct to the cockpit

of data that are not required for flight control. The C-5A similarly provides

191 channels (mostly to non-propulslon system components) that can be directly

interrogated to verify status or track down failures.

A similar trend toward_ increasing checkout channel quantity

and direct interrogation capability has occurred in launch vehicles and space-

I craft. Early launch vehicle relled on a collection of separate ground support

,' checkou_ testers to evaluate the readiness of various different components.

As the complexity of tbe launch vehicle increased in the Saturn I, it became

= necessary to consolidate all checkout equipment. This factor, together with
%

I the need to reduce launch pad delays caused by differences in test stand and

, launch pad equipment, tend to the increasing use of on-board (engine m_,Inted):
]

test equipment that would increase the probability of getting the same readout

regardless of test site. Increasing use was made of computer programmed

and directed checkout which automatically and sequentlally interrogated the

various components to confirm their flight readiness. Eventually, as much as

50% of all Saturn I checkout was computer controlled with the progression to

Saturn V - Apollo seeing even higher percentages. The increasing sophistication

A-1 i _
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of electronic equip=ant eventually led to a light weight on-board computer

for the upratcd Saturn ! _nd Saturn V which accr_p'ished a considerable

amount of checkout hl addition tc on-board analog to digital conversi_.n and

data management. Te achie',e high reliability, approximately 74% of the

components used triple modular redundancy employing voting elements tc detect

and correct errors. Even the flight readiness of this computer itself was

automatically verified by disagre_ent detectors which noted and recorded the

frequency that the voting elements were detecting one of the three redundant

channels to be in error.

A.1.2 Trend }_n_ tori_,:E.

Development of this function has been prizarily limited

to aircraft becuase of the relatively short service life of most sFace

propulsion systens used to date. L%rly trend data acquisition wa3 accomplished

by flight engineers on DC8's and 7-07'3manually recordin_ data from cockpit

instruments once a day d_ring steady state cruise conditions. This dat_ was

teletyped to a central location, keypunched, and then analyzed and plotted by

computer. The data acquisition _as inproved on the 727's, DC9's, DCI0's and

747's by use of on-board tape recorders. The CSA on-board computer has cap_clty

tc also do a limited amount of short range trend analysis.

A.1.3 Malfunction Detection and Warnin_

Initial aircraft systems used warning lights to signal limit

exceedence on critical propulsion and control 2arameters. More advanced systems

such as DC-10 increased the number of such critical warning parameters and also

provided notice to flight engineers that redundant components (not t---ediately
,!

critical) had failed. The most advanced system is that on the CSA which uses

an 8000 word on-board computer to direct conttn_r,_s monitoring of 802 parameters.

If one parameter goes out of specification, it is identified by printout and

compared with others in the same subsystem. If logic confirms failure, a failed

] status confirmation is also printed out.

The progression from Atlas/Mercury to Titan/Gemini to

Saturn/Apollo launch vehicles has seen significant changes in the concepts of

A-4
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wha_ the launch cehi_l_ _,_i'_.... J..... _-- sv.... _ •...... p1_

Starting with a system oriented towards automatic detection and abort

implementation for Yercu_', the Lrend to'zard._ greater and greater dependency

on crew initiated abort led from a monitoring of 13 channels on Titam./Genini

to a total of 39 for Saturn/Apollo. Accompanying this increasing quantity

trend is a movement towards nonitoTing later and late_"during the failure mode

progression to minimize the probability of false abort.

Paralleling the increase in launch vehicle malfunction

parameter monitoring has been an _ncrease in the amount of spacecraft .mal-

function detection instrumentation. For the ApcZlo ilights, a total of 60

parameters were continually monitored by th_ on-boald caution and warning

system. An additional 180 parameters were telemetered to the ground and

observed iv consoles at mission control.

The development and growth of launch vehicle/spacecraft

mlfunction and warning system_ bes been complicated by the fact that the

launch involved critical parameters for a short duratic as opposed to the

longer ducation requirements of spacecraft. Fro_ the 1. launch vehicle

parameters on Iitan/Gemini the total has grown to 39 for the Saturn V. The

Apollo spacecraft has a total of 60 parame=ers in its caution and warning

system, backed up by an additional 180 parameters telav..e_ared to the ground.

A.2 EVOLUTION OF T_EHNIOb_S FOR SELECTING DIAGNOSTIC INSTRUMER_ATION

It was observed during the analysis of the evaluation of diagnostic

functions that the technique of selecting the parameters to be monitored also

has experienced an evolutionary change. The early systcms appear to have been

developed on a trlal and error bazis making maxlm_m use Of existing or con-

ventlonal instrumentatloa. As experience was gained, it became apparent that

reg_ra!ass of the diagnostic f'.mctlons - checkout, trend monitoring, or

malfunction detection - hlgF, ly reliable, rapid diagnosis could not be obtained

by using existing or conventional instrumentation alone. Hore and more it

became necessary to add instrumentation at a lover component level or to develop

( new instrumentation that could detect failure modes at an earlier point in

A-5

1975071575-495



their progression than conventional instrumentatien could. The

selection 9f this added or new instrumentation reeuir_d _ good under-

standing of the manner in which subsystems and systzms failed and it is,

therefore, not surprising that F%_'s, _CA's and fault tree analyses

were used in developing most of the intermediate diagnostic systems

tabulated and in all of the advanced ones. The most advanced aircraft

system, the C5A, also made use of a ranking technique to select the most

beneficial instrumentation. Factors considered were:

/ Component failure rate

/ Redundancy

Benefit Variables Effect of failure

Troubleshooting time without added instrument

Time between detection and failure

f
Sensor cost

Cost Variables ]
Signal conditioning complexity

Weight penalty

F:

A-6

1975071575-496




